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This research is directed toward understanding the effect of nanoparticle attributes and 
polymer morphology on the properties of the nanocomposites with analogous 
nanoparticle chemistry.  In order to develop this understanding, polymer nanocomposites 
containing calcium phosphate nanoparticles of different specific surface areas and shapes 
were fabricated and characterized through thermal and thermomechanical techniques. 
Nanoparticles were synthesized using reverse microemulsion technique. For 
nanocomposites with different surface area particles, the mobility of amorphous polymer 
chains was restricted significantly by the presence of particles with an interphase network 
morphology at higher loadings. Composites fabricated with different crystallinity 
matrices showed that the dispersion characteristics and reinforcement behavior of 
nanoparticles were governed by the amount of amorphous polymer fraction available. 
The study conducted on the effect of nanoparticle shape with near-spherical and 
nanofiber nanoparticles illustrated that the crystallization kinetics and the final 
microstructure of the composites was a function of shape of the nanoparticles. The results 
of this research indicate that nanoparticle geometry and matrix morphology are important 
parameters to be considered in designing and characterizing the structure-property 








The transition from micro to nanocomposites has led to a dramatic improvement 
in the properties attributed to the higher surface area and interfacial energies associated 
with the nanoparticles. Use of nanoscale reinforcement increases the area of interfacial 
interaction and hence results in larger volume fractions of the polymer matrix in contact 
with the filler surface. This region is known as the interphase. The interphase region is 
important as it can have different structure and properties than the bulk polymer and 
affect the properties of the resulting nanocomposites. Apart from the size of the 
nanofiller, understanding the effect of the shape, aspect ratio, volume fraction, surface 
chemistry and dispersion level of the nanoparticles on the nanocomposite’s properties 
impacts its design. This research was directed towards understanding the coupled effects 
of the nanoparticle geometry and matrix morphology on the properties of biologically 
relevant nanocomposites. Thus, the objectives of this research were: 
1. Synthesis of calcium phosphate nanoparticles of controlled shapes and sizes using 
reverse microemulsion technique. 
2. Design of nanocomposites using these nanoparticles of controlled shape and sizes 
and varying concentrations.  
3. Investigate the effect of matrix morphology on the properties of the 
nanocomposites. 
4. Characterization of the nanocomposites to isolate the contribution of the 
nanocomposite constituents on the properties. 
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Chapter 2 reviews the literature on polymer nanocomposites with 0, 1 and 2-
dimensional fillers, attributes in the context of the available literature concerning calcium 
phosphate particularly hydroxyapatite (HAp) nanocomposites, different phases of 
calcium phosphates in context to phases synthesized in this work, reverse microemulsion 
technique and parameters affecting shape and size of calcium phosphate nanoparticles 
and background about the poly (ε-caprolactone) (PCL) and polyhydroxybutyrate (PHB)  
matrices used in this work. Based on the objectives, this work has been structured in to 
three studies presented in Chapters 3-5. The synthesis of HAp of different surface areas, 
their processing into nanocomposites and the properties is presented in Chapter 3. The 
effect of matrix crystallinity on the properties of nanocomposites is discussed in Chapter 
4. Chapter 5 is devoted to the synthesis of calcium phosphate nanoparticles of near-
spherical and fiber-like shapes, their processing into nanocomposites and the coupled 
effect of shape and matrix morphology on the nanocomposite properties. The overall 
conclusions of this work and future recommendations are reported in Chapter 6. 
In the first study (Chapter 3), the contribution of nanoparticle surface area to the 
properties of nanocomposite materials was investigated. HAp nanoparticles with different 
specific surface areas (60 m2/g and 111 m2/g) were synthesized using reverse 
microemulsion and processed into nanocomposites using poly (ε-caprolactone) (PCL) as 
the matrix.  Experimental results indicated that the thermomechanical reinforcement did 
show a dependence on nanoparticle surface area although the transition temperatures did 
not.  The reinforcement trends were dependent on temperature, suggesting that the 
nanoparticles had a greater impact on the amorphous polymer chains.  It was shown that 
the reinforcement above Tg could be plotted against nanoparticle surface area to obtain a 
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single reinforcement trend, suggesting that surface area is a general parameter for 
nanocomposite property control.  
In the second study (Chapter 4), the effect of matrix crystallinity on the 
nanocomposite properties was studied using similar filler but different semi-crystalline 
matrices with approximately 30% difference in crystallinity. Polymer nanocomposites 
containing HAp particles with specific surface area of 111 m2/g and poly (ε- 
caprolactone) (PCL) or polyhydroxybutyrate (PHB) matrix were prepared.  The 
dispersion of nanoparticles in the two polymer systems and the nanocomposite properties 
were found to be governed by the differences in the matrix morphology.  The thermal 
transitions and crystallization kinetics of PHB were significantly affected by even small 
concentrations of particles but were not changed significantly for PCL composites until 
sufficient particle concentrations. The reinforcement behavior in the two polymer 
systems also showed variations based on the morphology. In case of the lower 
crystallinity matrix PCL, the composite microstructure changed from bulk to interphase 
network at higher concentrations but changed from bulk to particle network for higher 
crystallinity matrix PHB.  
In the third study (Chapter 5), the effect of nanoparticle shape on the properties of 
nanocomposites was examined. Calcium phosphate (CaP) nanoparticles of two different 
shapes, near-spherical (NS-CaP) and nanofiber (NF-CaP) were synthesized using a 
combination of reverse microemulsion and solvothermal techniques. Nanocomposites 
using NS-CaP and NF-CaP nanoparticles were prepared through solution processing 
route with different concentrations to elucidate the role of both nanoparticle shape and 
arrangements on the properties of the resulting nanocomposites. In both the systems, 
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nanoparticles were dispersed to single particle level at 0.5 wt. % concentration only and 
were homogeneously distributed at higher particle concentrations. The crystallization 






The background related to the research concentrates on the nanocomposites and 
their classification, different nanoparticle attributes and how they affect the 
nanocomposite properties, networks in polymer nanocomposites, calcium phosphate 
ceramics and their types in context of the calcium phosphate phases synthesized in this 
research, description of microemulsion and hydrothermal nanoparticle synthesis 
technique used in this work, the parameters in microemulsion that control the shape and 
size of nanoparticles, and biodegradable polymers, poly (ε-caprolactone) (PCL) and 
poly(3-hydroxybutyrate) (PHB) as the polymer matrices used in this research. 
 
2.1. Nanocomposites: an Introduction 
Organic and inorganic fillers have been used in polymeric materials for many 
years to modify properties, reduce material costs and improving the processing. A 
number of such composites with micrometer scale fillers such as ceramics, metals, and 
minerals are available in the market and are being used for various applications. But for 
the past 20 years, research in the area of polymer nanocomposites is evolving rapidly due 
to advantages associated with nanoscale reinforcement. Polymer nanocomposites may be 
broadly defined as polymers containing fillers where at least one of the filler dimensions 
is less than 100 nm. Where conventional polymer composites require higher loadings 
(15-40 vol %) of filler materials for property enhancement, lower concentrations (1-10 
vol %) of the nanofiller gives comparable properties.[1] The use of nanometer sized 
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reinforcement provides an advantage in the form of higher specific surface area. The 
increase in interfacial interaction due to reduced size of the filler leads to large volume 
fractions of polymer in contact with the filler surface. The polymer in this region called 
the interphase can have different structure and properties than the bulk polymer matrix. 
The strength and dimensions of the interphase can affect the properties of the resulting 
nanocomposites significantly.[2-6] A number of value-added properties such as reduced 
gas permeability,[7, 8] optical clarity,[8] and increased ablation resistance[9] are also 
obtained using nanoscale reinforcement. Apart from the property improvement, the lower 
filler loadings enable ease of processing and weight reduction.[10] Additionally, 
nanocomposites have been present in nature for millions of years in the form of shells, 
wood, and bones.[11] Research in this area can elucidate the science behind unique 
properties of these natural materials and apply it to generate synthetic materials for future 
applications.  
 
2.2. Classification of Nanocomposites 
 Nanocomposites may be classified based on the morphology of the reinforcement: 
nanoplatelet/layered composites (2-dimensional), nanofiber/tube composites (1-
dimensional), nanoparticulate composites (0-dimensional).[12]  
 
2.2.1. Nanoplatelet/Layered Composites (2-dimensional) 
The unique feature of platelet or layered reinforcement is the high aspect ratio and 
surface area. The platelets have nanometer thickness with lateral dimensions in the range 
of 30nm to several microns.[13] This morphology of platelets makes them more effective 
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in controlling the gas barrier and flame retardant properties of the resulting 
nanocomposites, as they provide a more tortuous path for the passage of gas molecules.[8, 
9] One of the first studies in the field of nanoplatelet/layered polymer composites involved 
used of clay or silicates with nanoscale plate thickness. The work done in the late 1980s 
and early 1990s at Toyota Central Research Laboratories in Japan involved development 
of Nylon6-clay composites that had remarkable thermal and mechanical properties by 
using small loadings of clay.[14]  This dramatic property improvement was attributed to 
the higher surface area of the clay platelets which led to enhanced interfacial interaction 
with the polymer matrix.  Two types of materials which exist as platelets or layered 
structures are clay and graphite. The full potential of this type of reinforcement takes 
place when the layers are separated and dispersed uniformly throughout the polymer 
matrix. When the polymer is not able to penetrate between the layers of the filler, a phase 
separated composite is obtained which has properties that are equivalent to conventional 
composites. When the polymer penetrates into the gallery region between the adjacent 
layers, the layers expand and an intercalated state is achieved. When the structure is fully 
exfoliated, the layers are individually dispersed in the polymer matrix, leading to large 
scale change in the bulk polymer structure. The most common silicate clay materials 
which have been used for making nanocomposites are montmorillonite (MMT), saponite 
and synthetic mica. The advantages of clay based polymer nanocomposites include the 
enhancement of modulus, strength, toughness, thermal stability as well as improved gas 
barrier properties, reduction of coefficient of thermal expansion and less cost.[13-22] Apart 
from the property improvement given by clay, exfoliated graphite sheets also give 
enhancement of electrical conductivity of polymeric materials when a threshold 
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percolation based on the weight content is reached.[23-25] These nanocomposites based on 
layered reinforcement are finding applications in the automobile industry as well as in the 
case of graphite as electromagnetic interference (EMI) shielding, electrostatic paint and 
polymer sheath of electric cables.[12] 
 
2.2.2. Nanofiber/tube Composites (1-dimensional) 
 The unique feature of fiber shaped reinforcement is the nanometer range of 
diameter giving them very high aspect ratios. The morphology of fibers also makes them 
very effective as stress bearing components of the composite. Most studies of 1-d 
nanofillers concern carbon nanofibers (CNFs), carbon nanotubes (CNTs) and cellulose 
whiskers. Carbon nanofibers are a unique form of vapour-grown carbon fibers which 
have been used to reinforce polymers such as polycarbonate,[26] polypropylene,[27] 
nylon,[28] PET,[29] and epoxy.[30] CNFs have different morphologies such as bamboo-like 
structures, truncated cones, stacked coins etc.[31, 32] They have a larger surface area than 
conventional carbon fibers because of a reduced diameter (in the range 50-200 nm) and 
an aspect ratio greater than 100. They are synthesized by methods such as electro-
spinning, template synthesis or drawing.[33, 34] CNFs are being used for several aerospace 
applications such as fire retardant coatings, lightning strike protection, conductive 
aerospace adhesives etc. CNTs are essentially graphene sheets rolled into tubes with 
diameters between 1-50 nm and lengths up to centimeters. They can have aspect ratios 
greater than 1000. They are classified into single-walled nanotubes (SWNTs) and multi-
walled nanotubes (MWNTs) based on shell versus multiple tubes packed concentrically, 
respectively. CNTs have unique mechanical and electrical properties. They possess an 
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elastic modulus up to 1 TPa and a bending strength of about 14 GPa.[35] The electrical 
properties of CNTs can range from metallic to semiconducting depending on the chirality 
and diameter of the nanotubes.[36] The three main methods to synthesize CNTs are direct-
current arc discharge, [37] laser ablation[38, 39] and chemical vapour deposition (CVD).[40, 
41] All of these methods require three sources: carbon, heat and a metal catalyst. Cellulose 
whiskers are another example of 1D reinforcement. These whiskers are based on 
cellulose biopolymer which is a linear condensation polymer of poly-β (1,4)-D-glucose 
residues. The degree of polymerization ranges from 2500 to 15000 units depending on 
the source e.g wood, cotton etc.[42] The whiskers can be obtained by acid hydrolysis of 
cellulose microfibrils.[43] The aspect ratio and properties of the whiskers depended on the 
crystallinity of the raw material, e.g. more than 10 wt. % of starch microcrystals (aspect 
ratio close to unity) gave equivalent reinforcement effect as 1 wt. %  tunicin whiskers 
(aspect ratio 67).[44]  
 
2.2.3. Nanoparticulate Composites (0-dimensional) 
 The unique feature of particulate nanocomposites are the nanoparticles, which 
have size less than 100nm and can be varied to design nanocomposite for desired 
application. Particles like carbon black, calcium carbonate and silica in micron size range 
have been added to polymers to improve the mechanical properties of the polymer 
matrix. Reducing the particle size to the nanometer scale has opened up novel 
applications in biology, electronics and advanced materials e.g. use of metallic 
nanoparticles and semiconductor quantum dots in bio-sensors for detecting certain 
metabolites such as glucose, lactase etc.[45] as well as for bio-imaging and cell-
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targeting.[46] Nanoparticles for particulate nanocomposites have been made from 
materials like metals (Ag, Au, Cu), metal oxides (Al2O3, CaCO3, TiO2) and ceramics 
(SiC, calcium phosphate) as well as organic nanoparticles like polyhedral oligomeric 
silsesquioxane (POSS). These nanoparticles have been synthesized using wet chemical 
technique such as microemulsion (reverse and normal) where surfactants and other 
colloidal assemblies act as templates,[47-49] as well as other techniques such as 
hydrothermal,[50, 51] sonochemical,[52] photochemical,[53, 54] microwave,[55] sputter 
deposition,[56] and electrochemical synthesis.[57]  The choice of the nanoparticles depends 
on the type of property improvement required, such as metallic nanoparticles for 
electrical properties, silica, alumina and CaCO3 particles for mechanical properties  as 
well as thermal properties, or ceramic particles like hydroxyapatite (HAp) for their 
biological properties.[13, 58] 
 
2.3. Nanoparticle Attributes 
 Understanding the effect of different nanoparticle attributes on the properties of 
nanocomposites is important to design nanocomposites with desirable properties for 
specific applications. Some nanoparticle attributes which influence nanocomposite 
properties are: particle size, surface area, volume fraction of particles, dispersion, surface 
chemistry, shape and aspect ratio. Because the overall goal of this work is to work with 
calcium phosphate mainly HAp nanoparticles, the following section discusses these 




2.3.1. Particle Size 
 The particle size and surface area of nanosized reinforcement has a significant 
effect on the properties of the resulting nanocomposites due to the increased contact with 
the polymer matrix. In order to compare the effect of size of the HAp particles on the 
mechanical properties Wang et al.[59] prepared composites of polyhexamethylene 
adipamide (PA66) with nano-hydroxyapatite (n-HAp) of as well as micro-hydroxyapatite 
(μ-HAp) with similar surface chemistry. Infrared spectroscopy showed H-bond 
interaction between n-HAp and PA66. For the same HAp content the n-HAp/ PA66 
composites had higher bending strength and modulus as well as tensile strength than μ-
HAp/ PA66 composites. The improved properties were attributed to the larger surface area 
of n-HAp leading to stronger interaction between the n-HAp and polyamide. The tensile 
strength increased with the increase in concentration of n-HAp from 50 to 55 wt. % in the 
PA66 whereas there was deterioration in case of increased content of μ-HAp. 
 
2.3.2. Dispersion and Surface Chemistry 
The homogeneous dispersion of nanoparticles in the polymer matrix is necessary 
to utilize the higher surface area of nanoparticles. The effective surface area of the 
nanofiller available for interaction with the polymer is severely reduced if the dispersion 
is not uniform. Li et al. [60] reported homogeneous dispersion of HAp through combined 
in-situ HAp synthesis and in-situ polymerization. HAp nanoparticles were synthesized by 
hydrothermal method and dispersed in anhydride monomer methacrylated 
pyromellitylimidoalanine M(PMA-ala) and then photo-polymerization was done using 
UV rays in the presence of photo-initiator to give cross-linked network 
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poly(methacrylated pyromellitylimidoalanine) PM(PMA-ala). The composites showed an 
increase in the compressive and flexural strength as well as modulus with respect to the 
neat polymer. The presence of dispersed HAp in the cross-linked polymer network also 
increased the stability of the composites against degradation. In another study, poly (D,L-
lactide)(PLA) was reinforced with calcium-deficient hydroxyapatite (CDHAp) 
nanocrystals and formed into nanocomposites using solvent casting. The tensile modulus 
of the composites increased with the loading % of CDHAp nanocrystals and the 
improvement was attributed to better dispersion of the nanocrystals in the matrix giving 
rise to better interaction between the filler and the polymer.[58] 
To obtain a strong interface, the filler should have an attractive interaction with 
the matrix. The interaction may be achieved through surface chemistry in the form of 
functionalization with chemical moieties or grafted polymer. Hong et al. grafted poly (L-
lactic acid) (PLLA) chains onto the surface of HAp nanoparticles. It was observed that 
the surface grafted n-HAP particles showed good dispersion in chloroform compared to 
the n-HAp particles that tended to agglomerate. The PLLA-g-HAp particles acted both as 
a toughening and reinforcing agent. Also, the crystallinity of PLLA matrix was found to 
increase with increasing PLLA-g-HAp content.[61, 62] In another study, composites were 
prepared by directly blending HAp with poly (ε-caprolactone) (PCL) as well as by 
grafting PCL on the HAp particles. The composites which contained HAp grafted with 
PCL chains showed better mechanical properties, better dispersion and degradation 
stability. This was ascribed to the stronger interaction between the grafted HAp and the 




The shape of the nanoparticle can also have an impact on the structure of the 
interphase and hence the properties of the composites. However, to date, few studies 
concerning this parameter in chemically similar systems have been done. Kalfus and 
Jancar [64] involved the incorporation of spherical and platelet shaped HAp to reinforce a 
poly(vinyl acetate) (PVAc) matrix. The specific surface area of the spherical and the 
platelet shape HAp was 133 and 201 m2/g, respectively. The authors state that at all 
temperatures nanoparticle surface area led to reinforcement and above the glass transition 
reinforcement also arose from altered polymer chain dynamics surrounding the HAp 
particles. The effect of the shape of the HAp particles on the properties was suggested to 
be secondary.  However, the HAp particles had relatively low aspect ratios, limiting this 
conclusion. 
 
2.4. Networks of Polymer Nanocomposites 
In addition to the nanoparticle geometry, the arrangement of nanoparticles in the 
composites also plays a role in the nanocomposite properties. The nanoscale size leads to 
higher surface area and magnifies the effect of other nanoparticle attributes such as 
surface chemistry or shape on properties by perturbing a greater quantity of polymer 
chains as the nanoparticle/polymer interfacial area increases.  These relationships lead to 
a network view of nanocomposite morphology.[65] Large amounts of interphase are 
present in the composite due to the large surface area of nanoparticles, leading to three 
separate microstructures. At low nanoparticle concentrations, the polymer matrix is 
continuous and the nanoparticles and interphase material are isolated from each other. At 
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increasing concentrations the interphase forms continuous network, known as 
rheologically percolated structure and rheological measurements show a discontinuity 
reflecting the physical network formed by the interphase regions.  For a strong interface 
in this structure, the nanocomposite properties will exceed those predicted by 
micromechanics and these results have been observed experimentally.[66] Thresholds for 
rheological percolation as low as 0.11 wt. % for SWNTs and 1.2 wt. % for 
MWNTs/polymer nanocomposites have been observed.[65, 67] In case of spherical carbon 
black nanoparticles of mean diameter of 20 nm, the rheological percolation threshold was 
approximately 16 wt. %.[68] Therefore, the thresholds for such physical network 
formation vary with the shape and aspect ratio of the nanoparticles.[65, 68, 69] At still higher 
concentrations, the particle-particle network is formed, representing a condition of 
geometrical percolation. The threshold for electrical percolation is higher than 
rheological percolation as the smaller distance between nanoparticles is required for 
electrical conductivity. These transformations, shown schematically in Figure 2.1, can be 
envisioned with many nanoparticle attributes. In these three structures, the 
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Figure 2. 1.Nano/microstructures formed in nanocomposites at increasing nanoparticle 
concentration.  When the bulk polymer matrix is continuous, the contributions of the 
nanoparticles and interphase are additive.  When the interphase becomes continuous, a 
physical network is formed that affects the polymer dynamics.  When the nanoparticles 
form a continuous network, a percolated structure is formed that reflects the nanoparticle 
properties in the nanocomposite.  Schematic was inspired by Du et al.[65] Figure from 
Kaur and Shofner, 2009. [70] 
 
 
2.5. Calcium Phosphates and their Properties 
 Calcium phosphates serve a common interest among various fields such as 
geology, biology, chemistry, dentistry and medicine. Calcium phosphates occur naturally 
in the form of mineral ore.[71] Calcium phosphates are known for their structural and 
compositional resemblance to natural tissues such as bone and teeth. This makes them an 
ideal biomaterial for applications such as bone grafts, coatings for bone prostheses, 
cements, composites and scaffolds for hard tissue regeneration, and in dentistry.[71-74] 
They are biocompatible, bioactive (can induce direct bone bonding), help bone cell 
adhesion, growth and proliferation as well as offer variable resorbability based on their 
composition.[72, 73] Apart from biological applications, the calcium phosphate mineral 
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provides the world’s main supply for phosphorous to make agricultural fertilizers and 
various phosphorous containing chemicals. Calcium phosphates have various forms and 
phases with the calcium to phosphorous (Ca/P) molar ratios between 0.5 and 2.0. They 
are mostly soluble in acids, sparingly soluble in water and totally insoluble in alkaline 
solutions.[71] The different phases of calcium phosphates are monocalcium phosphate 
monohydrate and monocalcium phosphate anhydrous, dicalcium phosphate 
dihydrate/brushite, dicalcium phosphate anhydrous/monetite, hydroxyapatite (HAp), 
calcium-deficient hydroxyapatite (CDHAp), octacalcium phosphate, fluorapatite, 
chlorapatite, tricalcium phosphate, amorphous calcium phosphate and tetracalcium 
phosphate. The following section briefly describes those phases of calcium phosphates 
which were synthesized in this research. Table A.1 in Appendix A shows the different 
phases of calcium phosphates, their chemical formulas, Ca/P ratios, density and crystal 
structure. 
 
2.5.1. Hydroxyapatite (HAp) 
Hydroxyapatite (HAp), fluorapatite, and chlorapatite belong to the apatite family 
of minerals that share the general formula A10(PO4)6(OH, F, Cl)2. The A cation could be 
barium, strontium or magnesium besides calcium. The chemical formula for HAp is 
Ca10(PO4)6(OH)2. It has many synonym abbreviations such as OHAp, HAp, HAP, and 
HA. HAp constitutes the most predominant phase of both animal bone (60wt. %) and 
teeth (90wt. %). HAp belongs to hexagonal crystal system. The crystal form of 
chemically pure HAp is monoclinic with four units in each cell. A transformation from 
monoclinic to hexagonal form has been observed at higher temperatures. The hexagonal 
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form is more stable form of HAp which has some impurities substituting hydroxide or 
phosphate groups.[71, 75] HAp can be made in various forms like porous scaffolds, 
granules, powder and as dense bodies by sintering.[76] HAp has medical applications such 
as bone grafting, artificial bone, coatings on implants, bone fillers, middle ear prostheses, 
joint material, and scaffolds in the form of composites. HAp/polymer composites are 
inspired by biological design, such as bone tissue and nacre. Other medical applications 
include tooth roots, toothpaste, canal filler and cement. HAp finds its use in other 
applications as a catalyst, fertilizer and as an adsorbent for protein separation. [74, 76] 
 
2.5.2. Calcium-deficient Hydroxyapatite (CDHAp) 
 Deviation from stoichiometric Ca/P ratio of 1.67 during synthesis of 
hydroxyapatite results in non-stoichiometric or calcium-deficient Hydroxyapatite 
(CDHAp). The Ca/P ratio for such apatites is in the range of 1.33 to 1.67 and these 
apatites form due to the loss of Ca2+ ions from the unit cell with the formula Ca10-
x(HPO4)x(PO4)6-x(OH)2-x.[77] Vacancies of Ca2+ and OH- in the crystal structure of 
CDHAp may be substituted by other ions depending on the counter-ions of the precursors 
used in the synthesis or by water molecules. The precipitated CDHAp has similar c-axis 
dimensions as HAp but higher a-axis parameter due to lattice-substitutions.[78] The bone 
mineral is mainly CDHAp with Ca/P ratio of 1.5 and hence is structurally similar to 
stochiometric HAp but has chemical and compositional similarity to tricalcium 
phosphate.[79] CDHAp because of its structural similarity to natural bone finds 
applications such as bone substitutes and implant coatings.[71] 
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2.5.3. Dicalcium Phosphate Anhydrous (DCPA)/Monetite 
Dicalcium phosphate anhydrous (DCPA), or monetite (CaHPO4), is formed when 
dicalcium phosphate dihydrate (DCPD), or brushite (CaHPO4.2H2O) loses its two water 
molecules. Monetite can also be precipitated from aqueous solutions similar to brushite 
but at 100°C. It is a less soluble phase compared to brushite because of the absence of 
water molecules. It is not found in pathological calcifications but has been shown to be 
present in fracture callus. The crystal form of monetite is triclinic with four units per unit 
cell. It crystallizes mainly as tablets and plates but prismatic, rod, and whisker forms also 
occur. Monetite has been found to be bioactive and is finding applications as dental 
cements and restorative materials.[80] Other applications of monetite are supplements in 
enriched flour and cereals, tabletting agents in pharmaceutical industry and in 
toothpastes.[71, 75, 78] 
 
2.5.4. Octacalcium Phosphate (OCP) 
 Octacalcium phosphate (OCP) has the chemical formula Ca8 
(HPO4)2(PO4)4.5H2O. The formation of this phase as a precursor phase is 
thermodynamically favorable before undergoing change into more stable calcium 
phosphate phases such as HAp and other biological apatites. OCP is an important phase 
for studying the biomineralization process in dental and bone tissues. OCP has been 
found to be a constituent of dental calculus and other pathological calcifications. The 
lattice of OCP is triclinic with two units per unit cell. It crystallizes as thin blades 




 Chlorapatite (Ca10(PO4)6(Cl)2  like HAp belongs to the apatite family of minerals. 
Pure or stoichiometric chlorapatite has monoclinic structure at room temperature with 
four formula units per unit cell. The hexagonal form of chlorapatite is associated with 
non-stoichiometry similar to HAp and has two formula units. The conversion from 
monoclinic to hexagonal form has been observed at temperatures above 310°C. A 
significant expansion of the unit cell dimensions and volume is observed in chlorapatite 
compared to HAp. Chlorapatite can convert to HAp when heated above 800°C in steam. 
Chlorine can be also incorporated in the HAp lattice by replacing the hydroxyl group.[78, 
81, 82] Chlorapatite in combination with fluorapatite has been used as the major phosphor 
component in fluorescent lamps.[83]  Chloride ions help in activating bone cells for bone 
resorption process by providing an acidic environment on the surface of the bone.[84] 
 
2.6. Microemulsion Technique 
 Multiple techniques have been used to make different phases of calcium 
phosphates. Some of the common techniques are microemulsion, hydrothermal, 
hydrolysis, solid state reaction, sol-gel, flux method (using fused salt reaction), pH-shock 
wave,[85] electrocrystallization[86] and microwave irradiation.[87]   Microemulsion 
technique is a wet chemical precipitation synthesis method. This technique uses colloidal 
assemblies such as reverse and normal micelles to synthesize nanoparticles of controlled 
size and polydispersity. Microemulsions consist of an oil and water phase stabilized by 
means of surfactants. Surfactants are molecules with a polar hydrophilic head and a 
hydrophobic chain. Surfactants can arrange into various assemblies and micelles as 
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shown in Figure 2.2., when the hydrophobic chain end of surfactant in order to avoid 
contact with water forms the center of micelle whereas the hydrophilic end remains in 
contact with the water or solvent.[88] The shape of the surfactant assemblies depends on 
various parameters such as packing factor, surfactant concentration, presence of salt, 
presence of alcohols, and change of pH or temperature which determines the structure 
formed by a surfactant in a medium.  
 
 
Figure 2. 2.Simplified representation of organized structures formed by surfactants.[89]  
 
In case of non-polar solvents, it is thermodynamically favorable for the 
hydrophilic part of the surfactant to form the inner core to avoid contact with the solvent 
and the hydrophobic part favors to remain outside in contact with the solvent. Therefore 
the inside of the micelle acts as a water pool and would solubilise any water soluble 
precursor. Such system is called water- in -oil microemulsion and the micelles are called 
reverse or inverted micelles.[89] Reverse micelles can be used as micro or nanoreactors 
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because of their small size and ability to solubilize reactant molecules in the water pool. 
The micelles collide with each other due to Brownian motion and exchange the 
intermicellar content which then gets redistributed within all the micelles.  This process 
has been used to make nanosized inorganic particles such as cadmium sulphide(CdS),[90] 
silver(Ag),[48] gold(Au),[91] as well as calcium phosphate[92] by either chemical reduction 
of metal ions or coprecipitation reactions. Thus the nucleation and growth of crystals 
takes place within the micelles. 
The reverse micellar process is successful for synthesizing monodisperse particles 
as it keeps the nucleation and the growth stage of the particles separated. The particle 
nucleation takes place simultaneously within a large number of micelles, and they are 
kept separated by the surfactant layer acting as a stabilizer for the formed particles.  
 
2.7. Hydrothermal Technique 
Reverse micelles have been used as templates to synthesize calcium phosphate 
nanoparticles of controlled shapes and sizes, but well crystallized nanoparticles are not 
obtained due to room temperature synthesis. An additional step of calcination is used to 
increase the crystallinity of the particles and obtain well defined crystals. However, 
calcination reduces the surface area of nanoparticles due to sintering. The hydrothermal 
technique gives well crystallized nanoparticles without the need of carrying out a post-
calcination step.[93] The hydrothermal/solvothermal technique is defined as a process of 
using water or solvent as a medium to carry out chemical reactions above the boiling 
point of water or solvent in a closed system. Under these high temperature and pressure 
conditions the precipitated solids can dissolve and recrystallize into more stable forms 
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which otherwise are insoluble under ordinary conditions.[50] A combination of the 
hydrothermal technique with reverse microemulsion can be used to synthesize 
nanoparticles for various applications. The synergistic effect of both the techniques gives 
the flexibility to control shape, size, physical and chemical characteristics as well as yield 
nanoparticles of high purity and crystallinity.  
 
2.8. Factors Affecting Synthesis of Calcium Phosphate Nanoparticles 
There are a number of factors which can affect the morphology and the size of the 
resultant nanomaterial starting with the type of the surfactant (ionic, cationic), oil phase 
(chain length), co-surfactant, metal salts, molar ratio of water to surfactant (W0) and /or 
between co-surfactant and surfactant (P0), concentration of reactants within the reverse 
micelles, pH, temperature, the sequence of introduction of the components in the micellar 
mixture, or single or multiple microemulsion synthesis approach.[94] W0 controls the size 
of the water pool inside the micelle and hence controls the size of the resulting 
nanoparticles.[92, 95] The type of surfactant, ionic or non-ionic influences the geometry of 
the surfactant assembly such as normal micelles, reverse micelles, bicontinuous or other 
structures based on the area of polar head groups and length of the hydrocarbon chain. 
Also, the amounts of water solubilised vary with the type of surfactant.[88, 96] Similarly, 
the type of co-surfactant and P0 control the stability and size of the micelles as well as 
inter-micellar reactant exchange rate. Co-surfactants take the place between the surfactant 
molecules at the interface of oil and water and reduce the repulsion between the 
surfactant head groups.[97, 98]  The temperature of synthesis influences the properties of 
the resulting nanoparticles such as crystallinity as well as size and shape of micelles in 
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case of the non-ionic surfactants.[99]  The pH of the microemulsion affects the morphology 
of the nanoparticles when the surfactant used is ionic. The pH not only influences the 
stability of the precipitated phase but also controls the shape and size of the particles 
depending on the strength of interaction between the ionic surfactant head group and 
reactant molecules.[93] In the following paragraphs, the examples of effects of W0, co-
surfactant to surfactant ratio P0, mixed surfactants, concentration of the reactants, 
temperature and pH on the shape and size of calcium phosphate nanoparticles is 
presented.  
 
2.8.1. Effect of W0 = ([H2O] / [Surfactant] 
The most critical parameter which influences the size and shape of the micelle 
core is the molar ratio W0 of water to surfactant ([H2O] / [Surfactant]). Calcium 
phosphate nanoparticles with different sizes and morphologies have been synthesized by 
varying W0 in the range of 1.4-15 in sodium bis(2-ethylhexyl) 
sulphosuccinate(AOT)/isooctane  as well as in a C12E8/ cyclohexane/water reverse 
micelle system. The change in size and morphology of the nanoparticles is attributed to 
the water structure inside the reverse micelles. When W0 is small, most of the water inside 
the reverse micelle is in the form of bound water and some intermediate water; as W0 
increases the bound water converts to free or bulk water. This multilayered water 
structure inside the micelles influences the size and morphology of the resulting 
nanoparticles.[92, 95] In another study, the shape of the nanoparticles changed from 
nanobelts to nanospheres and then to larger sheets when W0 was changed from 10 to 15 to 
20. This is because initially the micelles were wormlike and growth was directed by the 
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micelle template. Then as W0  increased, the micelles swelled and grew larger, and the 
morphology was influenced more by the intermicellar reactant exchange rather than by 
the micelle template.[97] 
 
2.8.2. Effect of Co-surfactant to Surfactant Ratio, P0 
Particle growth and size are also affected by the adsorption of co-surfactants 
(short chain alcohols) to the water-in-oil interfacial film, causing reductions in its rigidity, 
changing the surfactant packing parameters, and affecting the radius of curvature of the 
micelle in reverse microemulsion.  The morphology of calcium phosphate nanoparticles 
changed from nanobelts to spherical when P0 was changed from 5 to 10 while keeping 
W0 constant. This was attributed to the fact that at lower P0 the reverse micelles formed 
using cetyltrimethylammonium bromide (CTAB) had a stiffer interface (stronger 
interaction between the tetrahedral CTA+ ion of CTAB and PO43- ion from phosphorus 
precursor) and particle growth was directed in one direction with the micelle acting as a 
template. As P0 was increased, the interaction between the tetrahedral CTA+ ion of CTAB 
and PO43- ion from phosphorus precursor decreased giving unstable conditions for crystal 
growth and hence different morphology of nanoparticles.[97] In another study the shape of 
calcium phosphate particles changed from nanowires to brushlike to fiber bundles in 
changing P0 from 3 to 5 and 10, respectively, with a similar discussion as above.[92] 
 
2.8.3. Effect of Mixed Surfactant 
The use of mixed surfactant system in synthesizing nanoparticles can affect the 
morphology of the resulting nanoparticles. In one study, HAp was synthesized in 
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presence of nonaethyleneglycol monododecyl ether (C12EO9) as well as in presence of 
mixed surfactant system of C12EO9 and polyoxyethylene(20) sorbitan monostearate 
(Tween 60). The single surfactant system led to the formation of aggregates of platelike 
HAp particles of 20-40 nm size whereas the mixed surfactant system produced non-
aggregrated nanoparticles with higher surface area. The Tween 60 acted both as a 
templating and encapsulating agent whereas the C12EO9 acted as a particle separating 
agent preventing the aggregation of HAp nanoparticles.[100] 
 
2.8.4. Effect of Reactant Concentration, Ageing Time 
The reactant concentration (ionic strength) and ageing time can also influence the 
particle size and morphology. In a study by Bose and Saha,[101] increasing the ageing time 
transformed platy to spherical and increased the size of the HAp crystals. The increase in 
the concentration of the Ca2+ ion from 1.0M to 5.0M increased the surface area of the 
resulting particles and changed the morphology from spherical (1.0M) to needle-shaped 
(5.0M).  
 
2.8.5. Effect of Temperature 
The temperature of the both the reverse micellar solution as well as hydrothermal 
temperature has also been found to be an important factor affecting the crystallinity and 
morphology of the resulting nanoparticles. Temperature affects the hydrophobicity of the 
nonionic surfactants. Micelle shape and size increases above the surfactant cloud point 
which influences the shape and size of the particles. Spherical and rod-shaped crystals of 
HAp with different size were obtained below and above the cloud point of the surfactant, 
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respectively.[102] In another study, at the same W0 and P0 but changing the reaction 
temperature from 50 to 90 to 130 and, finally, to 170°C changed the calcium phosphate 
nanoparticle morphology from sheet-like to small nanowires to nanobelts to small 
platelets (broken nanobelts due to higher temperature). Also at higher temperatures pure 
HAp was obtained whereas at lower temperatures HAp and other calcium phosphate 
phases coexisted.[97] 
 
2.8.6. Effect of pH 
 The pH of the reverse microemulsion can affect the morphology of the 
nanoparticles when the surfactant used is an ionic surfactant such as CTAB or AOT. 
Also, different phases of calcium phosphates are stable at different pH values.  Calcium 
phosphate nanoparticles of different morphology as well as crystallinity were synthesized 
by changing the pH of the reverse micellar solution. The crystallinity of the particles 
increases with the increase in pH. The shape of the particles changed from long 
nanowires at pH≤6 to shorter nanowires at 7.5, to short rods at 8.5 and, finally, elliptical 
particles with round edges at 9.5. This behavior was attributed to the change in the 
strength of interaction between the CTA+ ion of CTAB and PO43- ion from a phosphorus 
precursor with the change in pH. At a lower pH CTA+ ions associated strongly with PO43- 
ions due to structure complimentarity and the particle growth and shape was guided by 
the surfactant template. However, when the pH is increased, CTA+ ions interact more 
with the OH- ions from the ammonium hydroxide leading and surfactant molecules no 
longer guide the growth, resulting in particles with small aspect ratios. Also, as the pH 
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increased HAp became the dominant phase while, at lower pH, both monetite and HAp 
were present.[93] 
 
2.9. Biodegradable Polymers 
The need of biodegradable polymers is increasing day by day due to the dwindling 
petroleum reserves and more awareness to reduce the carbon footprint in order to protect 
the environment. Biodegradable polymers are defined as polymers which can undergo 
decomposition either by hydrolysis, oxidation, dissolution or enzymatic action of 
microorganisms into CO2, methane, or biomass in a specified period of time.[103, 104] 
Broadly, the biodegradable polymers can be classified as bulk degradable or surface 
erodative polymers based on the physical changes taking place in the polymer during 
degradation. Poly (glycolic acid) (PGA), poly(lactic acid) (PLA), PCL and poly(3-
hydroxybutyrate) (PHB) are examples of bulk degradable polymers whereas 
poly(anhydrides) and poly(ortho-esters) are surface erodative polymers. Biodegradable 
polymers can be naturally occurring or synthesized chemically. These polymers find 
applications as environmentally friendly packaging materials, as matrix for bio-based 
composites or green composites, as tissue regeneration scaffolds, medical composites, 
drug delivery, or as coatings for implants.[74, 104, 105] The following section discusses two 
kinds of biodegradable polyesters: synthetically derived PCL and naturally derived 
poly(3-hydroxybutyrate) (PHB). Both of these are used in this research and some of the 





Table 2. 1.Typical thermal and mechanical properties of PCL and PHB polymers.[104-108] 
 















PCL -65 to -60 55-63 20-34 2300 300-700 
PHB -5 to 20 160-180 36 2500 2.5 
 
 
2.9.1. Poly (ε-caprolactone) (PCL) 
PCL is a semi-crystalline polymer synthesized by the ring opening polymerization 
of a cyclic ester monomer, ε-caprolactone in the presence of a catalyst, stannous 






Figure 2. 3.Synthesis of poly (ε-caprolactone) (PCL) by ring opening polymerization.[109] 
 
PCL is highly soluble in a wide range of solvents such as chloroform, 
dichloromethane, or DMF.  It can form miscible blends with a number of polymers, and 
hence is used as a compatibilizer in many polymer formulations. It undergoes hydrolytic 
degradation due to the presence of the aliphatic ester linkage and implants of PCL show a 
slow degradation rate (2-3 years) in vivo.[110]  The low glass transition temperature of 
PCL leads to its use as soft blocks for segmented polyurethanes. The crystal structure of 
PCL is orthorhombic with dimensions a = 7.496, b = 4.974 and c = 17.297Å (fiber axis). 
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The space group is P212121 and has two chains with opposite orientation in the unit 
cell.[111] Due to its biocompatibility and slower degradation, PCL is used for a number of 
biomedical applications such as a drug delivery vehicle or as scaffold for bone tissue 
engineering. PCL has also been copolymerized with glycolide and lactic acid to increase 
its degradation rate for certain applications like sutures.[104, 105, 112] 
 
2.9.2. Poly (3-hydroxybutyrate) (PHB) 
PHB is aliphatic polyester produced by bacteria as a carbon and energy storage 
medium when the cells are deprived of certain essential nutrients such as nitrogen or 
phosphorous. The chemical structure of the PHB repeat unit is given in Figure 2.4. 
 
 
Figure 2. 4.Structure of repeat unit of poly (3-hydroxybutyrate) (PHB).[105] 
 
The biosynthetic way to synthesis PHB polymer involves conversion of low alcohols and 
acids, sugars, or a carbon substrate to acetate. An enzyme cofactor bonded by a thioester 
is put as a handle on the acetate molecules by the bacteria to give acetyl coenzyme-A. 
Acetoacetyl coenzyme-A is formed by the condensation of two molecules of this acetyl 
coenzyme-A. 3-hydroxybtyryl coenzyme-A is formed by the reduction of acetoacetyl 
coenzyme-A gives. These units are joined together to form PHB by the final polymerase 
enzyme. The copolymers of (R)-3-hydroxybutyrate (HB) and (R)-3-hydroxypentanoate 
(HV) are formed under the depletion of nitrogen and phosphorous by feeding the bacteria 
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a mixture of acetic and propionic acids. Instead of condensation of two molecules of this 
acetyl coenzyme-A in the case of synthesis of PHB, condensation of one molecule of 
propionate with one molecule of acetate takes place to give 3-hydroxypentanoate. PHB is 
commercially produced by two-way batch fermentation. In addition to synthesis by 
microbial fermentation, PHB can be chemically synthesized from substituted 
propiolactones, but it is not commercially favorable as it involves the use of costly and 
toxic lactone monomers. [113] 
PHB is a semi-crystalline isotactic polymer that undergoes degradation through 
surface erosion by hydrolytic cleavage of the ester bonds. PHB is a stereoregular 
polyester capable of achieving high levels of crystallinity resulting in brittleness and has 
a narrow processing window. Therefore, to improve the properties of PHB, various co-
polymers of PHB containing hydroxyalkanoate units such as 3-hydroxyvaleric acid 
(3HV) have been biosynthesized (PHB-co-PHV). The comonomer reduces the 
crystallinity and also the melting point of the homopolymer.[104, 105, 112] The degradation 
temperature of PHB is between 250 and 300 º C, which is associated with the complete 
weight loss due to conversion of polymer to crotonic acid. The crystal structure consists 
of the arrangement of the polymer chains in 2/1 helices in orthorhombic crystals with 
P212121 space group. The unit cell dimensions are a= 5.76 Å, b=13.20 Å and 
c=5.96Å.[114] PHB has high crystallinity which makes it difficult to solubilize in most of 
the solvents. The most common solvent for PHB is chloroform. Most of the solution 
processing of this polymer has been done by dissolving in boiling chloroform. Other 
solvents which have been used to solubilise PHB are 1, 2-dichloroethane, trifluoroethanol 
and DMF. This polymer is regarded as highly melt-unstable because of its degradation to 
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crotonic acid at temperatures just slightly above its melting point. PHB and its 
copolymers have medical applications such as controlled drug release, surgical sutures, 
bone plates, heart valves, and wound care as well as tissue engineered scaffolds. Other 
applications include moisture barrier films coverstock in disposable items as diapers or 
sanitary napkins.  PHB also finds some uses in agricultural and horticultural areas like 
sustained release of plant growth regulators or pesticides.[104, 105, 108, 112, 115] 
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CHAPTER 3 




The influence of nanoparticle surface area as an important nanoparticle attribute, 
on the properties of the nanocomposites was identified in this study. The interphase 
development and the resulting nanocomposite properties have been shown to be greatly 
impacted by nanoparticle attributes such as size, shape, aspect ratio, concentration and 
surface chemistry. Many experimental studies have been performed to understand the 
impact of particle morphology (size, shape, and aspect ratio) on nanocomposite 
properties.  Mechanical properties, such as strength and modulus, have generally 
increased with decreasing particle size in polymer nanocomposites,[116, 117] and direct 
comparisons between micron-scale and nanoscale particles showed improved mechanical 
properties in nanocomposites when compared at the same filler loading.[59]  With regard 
to particle shape, experimental and computational research concerning chemically similar 
nanoparticles with different shapes has indicated that shape does not play a primary role 
in nanocomposite reinforcement when the aspect ratio of the nanoparticles was low.[64, 
118]  Nanocomposites showed the same reinforcement trend with increasing surface area 
for spherical and platelet (aspect ratio = 10) shaped particles.[64]  Carbon nanotubes and 
nanoplatelets possessed similar reinforcing capabilities at an aspect ratio of 10 in both 
aligned and random configurations, but, at an aspect ratio of 1000, the particle shape did 
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impact the mechanical properties because nanoplatelets provided higher reinforcement 
than nanotubes.[118]  
The effect of surface area may be linked to the nanoparticle attributes listed 
above.  For example, at a fixed material density, the nanoparticle surface area contained 
in the composite will increase with decreasing nanoparticle size and increasing 
nanoparticle concentration.  Also, surface area can magnify the effect of nanoparticle 
surface chemistry on properties by perturbing a greater quantity of polymer chains as the 
nanoparticle/polymer interfacial area increases.   
Studies concerning surface area explicitly have shown that reinforcement and the 
amount of interphase may be related to nanoparticle surface area.[119-121]  In polyvinyl 
alcohol (PVA) composites made with single-, double-, multi-walled as well as catalytic 
and functionalized carbon nanotubes, the highest reinforcement was seen with the 
smallest diameter nanotubes.[119]  Another tan delta peak appeared corresponding to 
overlapping regions of polymer chains adjacent to the immobilized polymer adsorbed on 
the filler surface.  Its appearance was due to the large volume of immobilized polymer 
which was a direct result of the high surface area of the filler.  Similar peaks were also 
found in composites of silica nanoparticles with polystyrene, poly(4-vinylpyridine), 
styrene-butadiene-rubber and poly(dimethylsiloxane) (PDMS) at 10 wt.% or higher and 
were attributed to slower dynamics of the interface material which made up a significant 
portion of the total polymer volume.[120]  Analogous results have been obtained for silica 
nanocomposites using quasielastic neutron scattering (QENS).[121]  Slow relaxation of 
polymer chains adsorbed on the higher surface area silica nanoparticles gave rise to an 
elastic component in QENS data in addition to the quasielastic broadening caused by the 
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free polymer chains. In this chapter we discuss the effect of nanoparticle surface area on 
the nanocomposite properties below and above the glass transition temperature (Tg).  The 
results of this study show that surface area may be used as a design parameter with 
predictive capabilities above Tg. 
 
3.2.     Experimental 
3.2.1.   Materials 
HAp/PCL nanocomposites were made from synthesized HAp nanoparticles and 
commercially available PCL by a solvent casting technique.  HAp nanoparticles were 
synthesized via a reverse microemulsion method using calcium nitrate tetrahydrate 
(Ca(NO3)2.4H2O) (Alfa Aesar) and phosphoric acid (H3PO4) (Fisher Scientific) as the 
calcium and phosphorous precursors, respectively.  The organic phase of the reverse 
micelle system was formed using cyclohexane (Fisher Scientific) and a combination of 
poly(oxyethylene)5 nonylphenol ether (NP-5) and poly(oxyethylene)12 nonylphenol ether 
(NP-12) surfactants (Aldrich).  The aqueous solutions of the precursors were prepared 
using deionized water.  Ammonium hydroxide (NH4OH) (Mallinckrodt Chemicals) was 
used for maintaining pH during synthesis and aging.  The solvent cast composites were 
prepared using solvent grade dichloromethane (Alfa Aesar) and PCL with number 
average molecular weight of 80,000 g/mol (Sigma-Aldrich).  All materials were used as 





3.2.2. HAp Nanoparticle Synthesis 
The HAp synthesis was performed using a microemulsion technique based on a 
protocol from Bose and Saha.[102] The conditions that produced the highest surface area 
values in their work were used in this study.  This method is summarized briefly here.  
5M calcium nitrate tetrahydrate and 2.99M phosphoric acid solutions were prepared in 
deionized water. The molar ratios of the precursors were selected to maintain calcium to 
phosphorous atomic ratio (Ca/P) of 1.67:1.  NP-5 and NP-12 surfactants were mixed in a 
1:1 ratio by volume and added at a concentration of 10 vol.-% to cyclohexane, the 
organic phase.  The aqueous and organic phases were combined in ratios of 1:5 and 1:10 
(by volume), respectively, to obtain the reverse micelle systems.  These two aqueous to 
organic ratios produced nanoparticles with different amounts of surface area for study.  
The emulsion formed by mixing the aqueous and the organic phase converted to a highly 
viscous transparent gel after stirring.  The pH of the emulsion was adjusted to 7.0 by 
adding concentrated ammonium hydroxide solution drop wise with continuous stirring. 
The pH of the emulsion was checked regularly with each addition since HAp is formed in 
neutral and alkaline environments. [76] The emulsion was aged for 12 hours at room 
temperature to complete the reaction.  After aging, the gel was filtered and washed.  
Several washings with distilled water were added to the original protocol to ensure the 
removal of nitrate and ammonium ions.[122]  On filtration, a white cake was formed and 
subsequently dried in a vacuum oven at 150ºC to remove traces of solvent and water.  
Finally, the dried white cake was calcined at 450 ºC in a muffle furnace for one hour to 
obtain a white powder. 
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3.2.3. Particle Characterization 
The morphology, chemical structure, crystal structure, specific surface area, and 
density of the synthesized HAp powders were characterized as described below.  The 
morphology of the HAp particles was examined by transmission electron microscopy 
(TEM) using a JEOL 100CX-2 microscope operating at 100 kV. Samples were prepared 
by dispersing a small quantity of the HAp particles in ethanol and allowing a small 
amount to air dry on a lacey carbon coated copper TEM grid.  Dynamic light scattering 
was also used to determine the particle size.  The HAp particles were dispersed in ethanol 
using sonication to form a suspension with a HAp concentration of 0.01% by weight.  
The measurements were performed using a Brookhaven BI-200SM goniometer (He-Ne 
laser with wavelength of 633nm) and a BI-9000AT correlator. The results were analyzed 
using the CONTIN analysis method for multimodal particle size distributions.[123] 
Fourier transform infrared spectroscopy (FTIR) was performed to determine 
chemical structure using a Bruker Vector 22 FTIR spectrometer. The HAp powder was 
mixed with KBr (EMD Chemicals) and pressed into a pellet. The pellet contained 2 mg 
of HAp powder and 100 mg of KBr powder.  The spectra were recorded at room 
temperature in the range 4000-400cm-1 using 32 scans and a resolution of 4 cm-1.  X-ray 
powder diffraction studies were performed to determine crystal structure using a Rigaku 
Micro Max 002 X-ray generator with CuKα radiation (λ = 1.5405Å), an R-axis IV++ 
detector system, 45kV accelerating voltage, and 0.66mA current.  The powder was 
ground and placed in a glass capillary (Special glass 10, Inner diameter-1mm, glass wall 
thickness 0.1mm).  The background was subtracted using an empty glass capillary. 
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The surface area of the HAp powders was determined using a Surface Area and 
Porosity Analyzer (ASAP 2020) from Micromeritics, Inc.  Prior to the measurement, the 
samples were degassed for 16 hours at 90°C to remove moisture.  Isothermal N2 gas 
adsorption and desorption was carried out at 77 K using a liquid nitrogen enclosure. The 
specific surface area was determined with the Brunauer, Emmet, and Teller (BET) 
method.[124]  The density of the HAp powders were measured using a glass pycnometer.  
The dry weight of pycnometer was determined using an analytical balance. 
Approximately 0.5 g of HAp powder was put in the dry pycnometer.  The pycnometer 
was weighed again using the analytical balance to determine the exact weight of the 
powder. The pycnometer was then filled with water up to the appropriate mark, and the 
mixture was sonicated in a bath sonicator for 20 minutes.  Then, the mixture was 
degassed using vacuum for 20 minutes.  After these steps, the pycnometer with water and 
HAp powder was weighed again, and the weight was recorded. Then, the water and HAp 
powder mixture was removed from the pycnometer, and the same procedure was 
performed for the pycnometer filled with water only.  Using these weights, the density of 
the powder is obtained using the equation given below: 








ρ                                   (1) 
 
Where: 
Wpow = Weight of HAp powder 
Wpyc-wat = Weight of pycnometer + water 






3.2.4. Nanocomposite Processing 
 Nanocomposites were prepared using a solution processing technique.  The HAp 
nanoparticles were dispersed in dichloromethane by sonication in a cup-horn sonicator at 
a power of 84W for 30 minutes to reduce the size of nanoparticle aggregates.  A 
circulator was used to maintain the water temperature in the sonicator at approximately 
room temperature.  At the end of this sonication step, the suspension appeared 
homogeneous to the naked eye, and no aggregates were observed.  The PCL polymer was 
dissolved in the HAp sol to form a 20 wt. % polymer solution by stirring.  To disperse the 
nanoparticles in the PCL, the nanocomposite solution was further sonicated for 30 
minutes at room temperature.  Nanocomposite films were prepared by solvent casting 
onto a preheated casting dish.  Further drying was performed in a vacuum oven at 40 ºC 
for 24 hours to remove the solvent traces.  Solvent cast composite films were prepared 
with 0.5, 1, 5 and 10 wt. % of HAp particles.  A neat PCL sample was also prepared 
using the same processing conditions as the composite samples for comparison. 
 
3.2.5. Nanocomposite Characterization 
The HAp/PCL composites were characterized for dispersion and distribution, 
thermal properties, and thermomechanical properties.  Nanoparticle dispersion and 
distribution were observed by scanning electron microscopy (SEM).  Cryo-fractured 
surfaces of the composite specimens were gold coated using an ISI Sputter Coater and 
then imaged using a LEO 1530 SEM at a voltage of 10 kV.  In the context of this 
research, dispersion was indicated by an increase in nanoparticle surface area available to 
the polymer (aggregates broken down), and distribution was indicated by a homogeneous 
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distribution of nanoparticles in the matrix (individual or aggregated).  Thermal transitions 
were measured by differential scanning calorimetry (DSC) with a Seiko DSC 220.  The 
specimens were heated from -20 to 100ºC at a rate of 10ºC/min under nitrogen gas flow.  
After a 10 min dwell, the specimens were cooled back to -20ºC at the same rate.  Two 
such cycles were performed on each specimen.  From the melting peak of the first and the 
second run, the crystallinity (Xc %) of the polymer was calculated according to the 
equation: 
                                100)1(














                                                    (2) 
where ΔHm is the enthalpy of melting measured during the heating cycle, ΔHm° is the 
enthalpy of melting of a completely crystalline PCL (ΔHm°=139 J/g) and φ  is the weight 
fraction of filler in the composites.[125]  The percent crystallinity was reported as the 
average value obtained from two DSC runs on two samples.   
To further understand the polymer morphology, isothermal crystallization studies 
were carried out using a TA Instruments DSC Q-200. The samples were heated from 
room temperature to 100ºC at a rate 10 ºC/min  under nitrogen atmosphere and held at 
100ºC for 10 min and then cooled rapidly (60ºC/min) to the crystallization temperatures 
(Tc= 40, 42, 44, 46ºC) for the isothermal experiments. The samples were then heated 
again to 100ºC at 10ºC/min. Two isothermal studies were performed on each nanoparticle 
concentration and averaged.  The crystallization kinetics was studied using the Avrami 
equation to determine n and k parameters: 
ln [-ln[1-X(t,T)]] =ln k(T) +n ln t                                                  (3) 
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where X(t,T) is the crystalline fraction of the material at time, t, with respect to the total 
crystallinity at infinite time at isothermal temperature(T); n and k are the Avrami 
crystallization parameters and n is related to the mechanism of crystallization whereas k 
is the crystallization rate constant.[126] 
Dynamic mechanical analysis (DMA) was conducted on a Mettler Toledo 
DMA861e using shear deformation.  Compression molded samples with a nominal 
thickness of 1 mm were used.  The measurements were performed in the linear 
viscoelastic range, established using room temperature strain sweep measurements for all 
of the specimens.  The testing was performed using force amplitude of 4.0N below Tg 
and a strain amplitude of 0.5 μm above Tg.  The temperature was varied from -100 to 
40ºC with a heating rate of 2ºC/min, and the measurements were performed at a 
frequency of 1 Hz.  Two temperature scan tests were conducted on each material. 
 
3.3.   Results and Discussion 
3.3.1.   Morphology and Size of HAp Nanoparticles  
Using the synthesis method outlined above, two systems of HAp nanoparticles 
were produced, with specific surface areas of 60 m2/g and 111 m2/g. In the following 
discussion, the particles will be designated HAp60 and HAp111, respectively.  The 
morphology of the HAp particles was determined using TEM.  The HAp60 particles 
showed predominantly platelet shaped morphology whereas in case of the HAp111 
particles, the predominant shape produced was an aggregate of needle-like primary 
particles as shown in Figure 3.1.  These aggregates had an approximately spherical shape.  
The HAp111 nanoparticles also contained some plates of similar dimensions to the 
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HAp60 nanoparticles.  In addition to specific surface area and morphology, the mean 
effective hydrodynamic diameter of the HAp nanoparticles measured using dynamic light 
scattering and deduced from CONTIN analysis was 680 ± 87 nm for HAp111 
nanoparticles and 1100 ± 180 nm for HAp60 nanoparticles.  The standard deviations 
given here describe the variation in the mean value calculated from four separate 
dynamic light scattering experiments.  The range of values calculated from a single 
experiment was on the order of hundreds of nanometers, indicating that each particle 
system was polydisperse.  For the HAp111 nanoparticles, the hydrodynamic diameter 
represented aggregates, whereas the value measured for HAp60 represented an individual 
particle.  Since vigorous ultrasonic processing did not disrupt the HAp111 aggregates 
prior to TEM and dynamic light scattering experiments, the aggregates structure was 
robust and held together by tight physical clustering of primary particles or fused contact 
points between primary particles during the calcination step.  More TEM images of 
particles can be found in Appendix B. 
 
  
                                 (a)                                  (b) 
(b) (a) 
Figure 3. 1.Morphology of HAp nanoparticles as observed in TEM.  (a) HAp60 showing 
platelet shape and (b) HAp111 showing needle-like morphology of individual particles. 
The scale bar represents 500nm.[70] 
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3.3.2. Chemical Structure of HAp Nanoparticles 
 Figure 3.2 shows the FTIR spectra for both nanoparticle systems where the 
intensity was normalized to the highest intensity phosphate peak (PO43- 1030cm-1).   The 
FTIR spectra were similar to the spectra for HAp found in the literature.[127]  The 
absorption bands at 600 and 1000-1200 cm-1 were due to vibrations of the phosphate 
group and the absorption bands at 630 and 3572cm-1 to the hydroxyl (OH)-1 group.[127, 128]  
The peak at 1630 cm-1 and the broad absorption band at 3400 cm-1 correspond to the 
water associated with the HAp.[127]  The presence of the stretching mode of the hydroxyl 
group indicates a possible compatibility of the synthesized HAp with the carbonyl group 
(C=O) of the PCL matrix for H-bond formation.  Also, the FTIR studies confirmed that 
































Figure 3. 2.Infrared spectra of as synthesized HAp60 and HAp111 powders normalized to 





3.3.3. Crystal Structure of HAp Nanoparticles 
The crystal structure of the calcined HAp was analyzed using X-ray diffraction.  
The results were compared to the major reflections of stoichiometric HAp obtained from  
the ASTM card file 9-432.  As shown in Table 3.1, the d spacing for the major reflections 
were similar between the HAp60 and HAp111 nanoparticles, and the spacings matched 
those listed in the standard card file.  The unit cell dimensions of the synthesized powders 
were determined to be a = b = 9.444 Å and c = 6.863 Å, similar to values found in the 
literature (a = b = 9.423 Å and c = 6.875 Å).[76, 127]   
 
Table 3. 1.Plane spacings observed in X-ray powder diffraction pattern of HAp and 






ASTM Card No. 9-432 for stoichiometric HAp 
d(Å) d(Å) d(Å) Miller Indices 
5.212 5.273 5.250 (101) 
3.890 3.890 3.880 (111) 
3.432 3.432 3.440 (002) 
4.149 4.092 4.070 (200) 
2.912 2.801 2.814 (211) 
1.838 1.836 1.841 (213) 
2.219 2.267 2.262 (310) 
1.722 1.718 1.722 (004),(411) 
 
 
3.3.4.   Specific Surface Area and Density of HAp Nanoparticles  
The specific surface area of the HAp particles was determined using the BET 
surface area analysis.  As indicated by the naming system, the HAp60 particles have 
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smaller specific surface area than the HAp111 particles. The differences observed 
between the two nanoparticle systems resulted from the size of the water core of the 
reverse micelle during HAp synthesis.  As the aqueous to organic ratio increased, the size  
of the water core containing the calcium and phosphorous precursors increased, leading 
to larger particle size (smaller specific surface area at equal density).  The density of HAp 
powders was determined using a glass pycnometer.  The measured densities of HAp60 
and HAp111 were 2.87 and 2.97 g/cm3 respectively.   
    
3.3.5. Dispersion and Distribution of HAp Particles in Nanocomposites  
These two particles systems were used to produce nanocomposite samples at HAp 
loadings of 0.5, 1, 5 and 10 wt. %.  The dispersion of the HAp nanoparticles achieved in 
the PCL matrix was observed using SEM.  As shown in Figure 3.3 for 10 wt. % HAp, the 
HAp60 nanoparticles appeared uniformly dispersed and distributed to the individual 
nanoparticle level in the PCL matrix.  The edges of individual plates are visible at the 
fracture surface, and no particle aggregates were observed.  The HAp60 particles also 
demonstrated uniform dispersion in the PCL matrix at 0.5, 1, and 5 wt. % concentrations. 
The HAp111 nanoparticles showed a different dispersion behavior.  They also appeared 
to be well distributed, but the aggregates of smaller needle shaped particles that were 
observed in the TEM and dynamic light scattering experiments were still present in the 
nanocomposites.  Overall, the HAp111 nanoparticles appeared to possess smaller 
dimensions than the HAp60 nanoparticles.  Similar observations were made for the other 
HAp111 nanoparticle loadings. For SEM images of dispersion at other concentrations 
please refer to Appendix B. 
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Figure 3. 3.SEM images showing dispersion of HAp nanoparticles in (a) HAp60/PCL (10 
wt.%) and, (b) HAp111/PCL (10 wt.%) composite samples.  Homogenous distribution 
was attained in both nanoparticle systems at all concentrations.[70] 
 
 
In order to compare the particle sizes obtained prior to composite processing from 
dynamic light scattering to the particle sizes observed in the composites, the dimensions 
of HAp60 and HAp111 nanoparticles were measured using SEM images of the 
nanocomposite fracture surfaces.  The number of particles measured in each system was 
approximately 100.  The HAp60 nanoparticles possessed an average plate length of 990 ± 
430 nm and an average plate thickness of 20 ± 7 nm.  Since the HAp60 nanoparticle 
length is much greater than its thickness, the length of a diagonal constructed across the 
face and through the particle are the same values as the particle length when considering 
significant figures, so the nanoparticle length is used for comparison with the dynamic 
light scattering data.  The HAp111 nanoparticle aggregates possessed an average 
diameter of 660 ± 310 nm.  Since the measurements from SEM images were largely 
consistent with the hydrodynamic diameters obtained from dynamic light scattering, the 
specific surface area measurements for the HAp nanoparticles were assumed to be apply 
to the composites as well. 
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Table 3. 2.Percent crystallinity of neat PCL and HAp/PCL composite samples from first 
and second heat cycles of DSC.[70] 
 
Sample % Crystallinity First Heat 
% Crystallinity 
Second Heat 
Neat PCL 40.2 ± 1.6 36.1 ± 1.8 
0.5 wt.% HAp60/PCL 40.5 ± 2.3 34.8 ± 1.3 
1 wt.% HAp60/PCL 39.0 ± 0.5 36.3 ± 3.0 
5 wt.% HAp60/PCL 36.2 ± 1.8 36.3 ± 1.7 
10 wt.% HAp60/PCL 45.2 ± 2.2 38.7 ± 0.3 
0.5 wt.% HAp111/PCL 34.5 ± 1.4 30.9 ± 0.7 
1 wt.% HAp111/PCL 40.2 ± 3.3 32.8 ± 0.9 
5 wt.% HAp111/PCL 45.3 ± 3.2 37.3 ± 0.5 
10 wt.% HAp111/PCL 44.7 ± 0.1 38.2 ± 0.1 
 
 
3.3.6. Thermal Properties and Crystallization Kinetics of Nanocomposites 
Thermal transitions and crystallization behavior for the neat PCL and the nanocomposite 
samples were measured using DSC.  Table 3.2 lists the percent crystallinity values of the 
neat PCL and the HAp/PCL composites, taken from both the first and second heating 
cycles of the DSC measurement.  The melting temperature was largely unchanged for all 
of the materials and was 59°C.   Approximately 2°C separated all of the values.   The 
amount of crystallinity achieved showed some variation with nanoparticle loading as 
shown in Table 3.2 and Figure 3.4.  Since all crystallinity values for the nanocomposites 
were within approximately 5% of the neat polymer, no changes were regarded as 
significant.  Similar behavior has been seen in other nanocomposite materials and may be 
linked to the strength and nature of the interfacial interaction.  Covalent bonds across the 
interface have been shown to increase crystallinity whereas attractive non-covalent 
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interactions have shown decreased or similar crystallinity to the neat polymer.[129-131] In 
nanocomposites with non-covalent interactions, strong attractions can inhibit crystallinity 
through constraining polymer molecules at the surface, and weak attractions show little 
or no change to the polymer crystallinity.  Our results are consistent with the latter case, 












































Figure 3. 4.% Crystallinity from second heat as a function of filler content for neat, 
HAp60 and HAp111 composite samples.[70] 
 
The crystallization temperatures (defined as the peak temperature value for the 
event) of the 10 wt. % HAp60/PCL and the 10 wt. % HAp111/PCL were increased 2.4°C 
 and 1.4°C, respectively.  The increased crystallization temperature suggested that the 
presence of HAp nanoparticles has some nucleating capability at sufficient nanoparticle 
loadings consistent with previous observations.[132] However, the crystalline morphology 
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of the polymer was not affected as the melting point and crystallinity did not show 
significant changes. Therefore the nucleating effect was attributed to the increase in 
polymer viscosity in presence of nanoparticles which helped in formation of stable 
nuclei. 
To understand the nanoparticles’ impact on the kinetics, isothermal crystallization 
studies were conducted on the neat PCL, 1 wt.%, 5 wt.% and 10 wt.% nanocomposites.  
The half-time crystallization (t1/2) is a measure of overall crystallization rate and is related 
to the rate constant. The half-time values can be calculated from the equation as: 



























































Figure 3. 5.Half-time crystallization of neat PCL and HAp nanocomposites as a function 
of crystallization temperature.  With the exception of the 5 wt.% HAp60/PCL samples at 
40°C, the addition of the nanoparticles had a nucleating effect on PCL as evidenced by 
the decreased t1/2.[70] 
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Figure 3.5 shows t1/2 as a function of isothermal crystallization temperature.  With 
the exception of one composite at one crystallization temperature, all the composite 
samples showed a lower t1/2 than the neat PCL. The reduced time translated to a higher 
crystallization rate and suggested that the HAp nanoparticles were acting as nucleating 
agents for the crystallization of the PCL matrix. These results were supported by the 
increase in the kinetic constant k of the Avrami equation (Table 3.3).  The Table shows 
the t1/2 as well as n and k values at 40°C.  All the samples showed a decrease in t1/2 values 
and an increase in the crystallization rate except at 40°C for the 5 wt. % HAp60/PCL 
sample which also showed a decrease in overall crystallinity as seen from the first heat 
DSC values.  At all other temperatures, in all of the samples regardless of HAp 
concentration, the k decreased and t1/2 increased with increasing isothermal crystallization 
temperature (T) from 40-46 °C because of a gradual decrease in supercooling.  The 
constant n, which is related to the mechanism of crystallization, had a value between 2 
and 3 for PCL indicative of athermal nucleation and subsequent three-dimensional crystal 
growth. Mixed nucleation and growth produced  nonintegral n values in all of the 
materials .[133]  The value of n was not modified largely by the presence of HAp particles 
suggesting that the crystallization mechanism was heterogeneous and athermal. The 
HAp111/PCL composites show slightly higher increase in crystallization rate compared 
to the HAp60/PCL composites due to its smaller particle size and higher surface area. 





were obtained as temperature was increased through Tg, and changes in the 
magnitude of G’ as a function of temperature and changes in the shape of G” were used 
to interpret the impact of HAp addition on the amorphous polymer chains.  The 
crystalline portion of the polymer is expected to remain unchanged through this 
temperature range since the onset melting point of PCL is approximately 30°C.  
Additionally, data obtained from the first heating cycle of DSC measurements indicated 
that the overall crystalline content of the polymer was not changed significantly by the 
addition of HAp nanoparticles at all loadings and processing conditions used here, so no 
 Whereas the DSC experiments were largely concerned with the crystalline portion 
of the PCL matrix, DMA measurements were performed to understand the dynamics of 
the amorphous PCL chains in the presence of HAp nanoparticles.  The quantities 
calculated by the DMA measurements were storage modulus (G’) and loss modulus (G”), 
representing the elastic and viscous nature, respectively, of the polymer.  These quantities  
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Table 3. 3.Isothermal crystallization parameters for PCL, HAp60 and HAp111/PCL 




3.3.7. Viscoelastic Properties of Nanocomposites 
Samples t1/2 (min) n k 
Neat PCL 2.4 ± 0.1 2.5 ± 0.0 7.7·10-02 ± 6.5·10-03 
1 wt.% HAp60/PCL 2.1 ± 0.1 2.5 ± 0.1 1.2·10-01 ± 0.0·10+00 
5 wt.% HAp60/PCL 2.9 ± 0.2 2.2 ± 0.2 6.9·10-02 ± 1.1·10-02 
10 wt.% HAp60/PCL 2.2 ± 0.3 2.1 ± 0.2 1.3·10-01 ± 2.3·10-02 
1 wt.% HAp111/PCL 2.4 ± 0.0 2.6 ± 0.1 7.6·10-02 ± 0.0·10+00 
5 wt.% HAp111/PCL 2.3 ± 0.0 2.6 ± 0.1 8.4·10-02 ± 1.7·10-03 
10 wt.% HAp111/PCL 1.9 ± 0.2 2.3 ± 0.1 1.7·10-01 ± 3.4·10-02 
  
















Figure 3. 6.Storage modulus values of neat PCL and (a) HAp60 and (b) HAp111 nanocomposite samples.  Both nanocomposite 
systems showed reinforcement above Tg.  The 10 wt. % HAp111/PCL sample showed reinforcement at all temperatures studied.  




















appreciable differences in the magnitude of G’ and G” were expected due to differences 
in matrix crystallinity.  Previous research has shown that the modulus of PCL was 
unchanged after the crystallinity reaches a value of  approximately 40%.[134]  
The G’ values as a function of temperature are shown in Figures 3.6a and 3.6b, 
respectively, for the HAp60 and HAp111 nanocomposites.  Each point represents the 
average value obtained from two tests performed using the same parameters, and the 
error bars represent the spread in the data from those two tests.   The two nanoparticle 
systems showed different storage modulus trends with temperature.  The HAp60 
composites showed reinforcement only above Tg, and the HAp111 nanoparticles showed 
reinforcement below and above Tg.  The reinforcement below Tg in the HAp111 
composites was associated with the inherent nanoparticle properties whereas the 
reinforcement above Tg of the matrix was due to the nanoparticle properties and the 
interaction between the polymer and the particles defined by the surface area and surface 
chemistry of the particles.[135-138]  Above Tg, the storage modulus of both composite 
samples increased with increasing HAp particle loading.  Compared to neat PCL, the 
HAp60 and HAp111 composites showed increases of 51% and 79%, respectively, at 10 
wt. % HAp loading and 25°C. The G” data were used to observe changes in the vicinity 
of Tg.   
In order to compare the data clearly, the G” data was normalized to peak 
temperature as shown in Figures 3.7a and 3.7b for the HAp60 and HAp111 composites, 
respectively.  Each point represents the average value obtained from two tests performed 
using the same parameters, and the error bars represent the spread in the data from those 
two tests.  For all of the samples, small shifts in the peak temperature were observed.  
  














5 wt. % HAp111/PCL
10 wt.% HAp111/PCL
Figure 3. 7.Loss modulus values of neat PCL and (a) HAp60 and (b) HAp111 nanocomposite samples.   The loss modulus increased 
above Tg with the increasing HAp content in both nanoparticle systems.  No appreciable shift in Tg (-55±2°C) was observed with 
loading. The peak temperature (Tpeak) of neat PCL was -55°C and for the composites Tpeak was within ±2°C of neat PCL. The 


















The peak temperatures for all of the composites samples fell within 2°C of the neat PCL.  
Unlike the G’ data, the G” curves were similar for the two nanoparticle systems below 
and above Tg.  Both of the composite systems showed comparable increases in the loss 
modulus above Tg with increasing particle loadings.  Also, both systems showed 
increased peak broadening with increasing particle loadings on the high temperature side 
of the transition which implies a change in the mobility of the interfacial polymer 
chains.[135, 137-139]  This change was most noticeable at 10 wt. % HAp loading.  A 
discontinuous change in G” was observed between 5 and 10 wt. % loading in both 












































Figure 3. 8.Normalized storage modulus curves for 10 wt. % HAp/PCL nanocomposite 
samples.  The reinforcement in both samples increased with temperature above Tg (-







To understand more fully the reinforcement trends in both nanoparticle systems, 
G’ and G” were normalized with respect to neat PCL and the reinforcement values were 
plotted against temperature.  These data are shown in Figures 3.8 and 3.9, respectively, 
for HAp loading of 10 wt. %.  The error bars in these plots represent the propagated error 
from the composite sample and the neat PCL calculated using standard rules for the result 
of division.  As seen in the Figure 3.8, the 10 wt. % HAp111 nanocomposite showed a 
relatively constant level of reinforcement (approximately 1.2x) below Tg which was 
attributed to the nanoparticle properties.  The relative storage modulus of the 10 wt. % 
HAp60 composite was also relatively constant but with no appreciable reinforcement 
since the average value is below one.  Above -60°C, the slope of the reinforcement curve 
changes to a positive value indicating that the reinforcement of both of the composites 
increased with temperature above Tg.  The HAp111 composite possessed a higher 
reinforcement at all temperatures compared to the HAp60 composite sample since it 
began at a higher level, but the slopes of both curves are similar.  The increased 
reinforcement afforded by the HAp111 nanoparticle was attributed to the smaller size of 
the nanoparticle aggregate with respect to an individual HAp60 nanoparticle and the 
strong forces holding the aggregate together. The reinforcement indicated that the 
aggregate acted as a single particle and its structure was not perturbed during testing 
which is consistent with aggregate formation occurring before composite processing.  
 In contrast, the reinforcement in loss modulus is nearly identical for the two 
samples above Tg, as shown in Figure 3.9.  The reinforcement of loss modulus is greater 
than 2x at the maximum temperature studied here.  The different degrees of storage 
modulus and loss modulus reinforcement indicated that the increased surface area was 
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able to promote a greater degree of elastic coupling between the nanoparticle and the 
polymer.  However, the similar degree of viscous coupling, represented by loss modulus 
reinforcement, indicated that the interfacial interactions were of the same magnitude in 











































Figure 3. 9.Normalized loss modulus curves for 10 wt. % HAp/PCL nanocomposite 
samples.  Similar amounts of reinforcement are seen in loss modulus in both composites 
above Tg.[70] 
 
 Based on the DMA results, the two nanoparticle systems have shown different 
reinforcing capabilities.  The particle characterization indicated that the surface chemistry 
and crystallinity of the HAp60 and HAp111 nanoparticles were similar.  The main 
differences have arisen in overall particle morphology and surface area.  The HAp60 
nanoparticles were plate-like particles and could be dispersed and distributed in the 
polymer matrix to the level of individual nanoparticles.  These composites have shown no 
appreciable, distinct change in mechanical properties at temperatures below PCL’s Tg. 
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The HAp111 nanoparticles contained a majority population of needle-like particles 
aggregated into spherical structures with a minor population of plate-like particles.  The 
needle-like particles could not be dispersed to the single particle level in the composites 
due to strong physical or chemical bonds between the primary particles but were evenly 
distributed.  These composites showed an ability to elastically reinforce the polymer 
matrix at temperatures below Tg,.   Since the particles possessed similar chemical and 
crystalline structure, these data indicated that the nanoparticle dispersion was able to play 
a role in the reinforcement behavior when the polymer chains are essentially frozen 
below Tg.  Above Tg, the particle systems displayed similar trends in reinforcement to G’ 
and G”.  These data suggest that an interaction between the nanoparticles and the 
polymer chains was present.  Since there is a continuous dependence on the 
reinforcement with temperature and the reinforcement was observed for both G’ and G”, 
the interaction was with the amorphous chains as opposed to the crystalline chains.  For 
amorphous chains, this interaction may manifest itself as adsorption of the polymer 
chains on the nanoparticles[140] or increased entanglement density at the interface.[138] 
Either mechanism will lead to a restricted mobility of the chains, causing slower chain 
relaxation and an increased reinforcement above Tg.  From this analysis, the nanoparticle 
shape and dispersion characteristics did not have a pronounced effect above Tg but did 
influence the properties before the onset of long range polymer mobility.   
 
3.3.8.   Mechanical Composite Models 
Previous research has shown that for particle shapes with similar aspect ratios the 
particle shape did not play a significant role in the mechanical properties,[64, 118] and this 
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where, Gr’ is the relative storage modulus, G’ and G’1 are the storage modulus of the 
composite and the neat polymer respectively, ν1 is the Poisson’s ratio of the matrix, φ2 
and φ1 are the volume fractions of the filler and matrix, respectively.[141]  The relative 
storage modulus Gr’ for both HAp60 and HAp111/PCL composites was calculated at -80 
and -10°C using the storage modulus data and compared to the simplified Kerner 
prediction.  Poisson’s ratio of the matrix ν1 was taken an 0.3 below and 0.5 above Tg.[142]  
Figure 3.10 gives the dependence of relative storage modulus (Gr’) as a function of filler 
volume fraction compared to the simplified Kerner model at -80°C and -10°C. Below Tg, 
Gr’ for both composite systems agreed with the prediction at -80°C for the three lowest 
nanoparticle loadings.  However, the measured values deviated from the prediction for 
both HAp60/PCL and HAp111/PCL composite samples at the highest filler volume 
fraction (0.035, 10 wt. %).  At this particle loading, Gr’ was above the prediction for the 
10 wt. % HAp111/PCL composite and below the prediction for the 10 wt. % 
HAp60/PCL.  For both materials, the error bars were bordering the prediction, indicating  
 
                                     
research supports this view above Tg.  The effect of surface area is more complicated.  To 
examine the differences in the HAp60 and HAp111 composites, two approaches have 
been used: comparison to a micromechanical model and scaling with specific composite 
surface area. The simplified Kerner equation, which assumes some adhesion between the 
filler and the matrix, was employed to the storage modulus data of the composites below 
(-80°C) and above (-10°C) the glass transition temperature of PCL (-60°C). The 
simplified Kerner equation for moderate concentrations of fillers which are more rigid 
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                                                   (a)                                                    (b) 
Figure 3. 10.The dependence of relative storage modulus (Gr’) as a function of filler volume fraction compared to the simplified 
Kerner model at (a) -80°C and (b) -10°C.  Deviations from the Kerner prediction were ascribed to the formation of an interphase 


































that the deviation was not large.  The measured values and the prediction from the 
simplified Kerner equation showed agreement between the two lowest particle loadings 
in both systems.  The HAp111 system also agreed with the prediction at 2 vol. % (5 wt. 
%) and showed a deviation at only the highest nanoparticle loading. The HAp60 
composite showed an earlier deviation at 2 vol. % (5 wt. %) and the degree of deviation 
for prediction increased at the highest particle loading.  The measured values that follow 
the prediction were considered to have morphology with a continuous bulk polymer 
matrix network.  When the measured values deviated from the prediction, the 
morphology of the nanocomposite was dominated by an interphase network.  The 
HAp111 would be expected to form an interphase network at lower nanoparticle loadings 
since more surface area was available.  However, this discrepancy was attributable to the 
different dispersion levels achieved. 
 As shown in Figure 3.10b, the HAp 60 and HAp111 composites showed different 
amounts of reinforcement at particle loadings of 5 wt. % and 10 wt. %, but the simplified 
Kerner model predicts the same relative storage modulus for the nanocomposites at a 
given particle loading.  Therefore, the relative modulus was plotted as a function of 
nanoparticle surface area to determine the correlation between the two HAp systems, as 
shown in Figure 3.11.  Data from Kalfus and Jancar[64] were plotted on the same chart.  
These data were for HAp nanocomposites containing either spherical or platelet 
nanoparticles in a poly (vinyl acetate) (PVAc) matrix.  The relative modulus values 
shown were collected at approximately 50°C above Tg of each matrix: 90°C for PVAc 
and -10°C for PCL.  The relative modulus of the both HAp60 and HAp111 composites 
was found to follow the same trend as the data corresponding to the different shaped HAp 
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particles.  These results suggest that the polymer morphology (semi-crystalline PCL and 
amorphous PVAc) did not play a significant role in the degree of reinforcement above Tg 
in the nanocomposites since the data fall on a continuous curve.  The common 
reinforcement trend also indicates that in the system studied here the amorphous chains 
were primarily responsible for reinforcement in the nanocomposites that showed a 
deviation from the simplified Kerner model.  In addition, these data showed that the 
reinforcement can be scaled with the amount of nanoparticle surface area available in a 
polymer nanocomposite in a general way, suggesting that it may be used as a parameter 
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HAp spheres(Kalfus and Jancar)
HAp platelets(Kalfus and Jancar)
Figure 3. 11.Relative storage modulus as a function of filler surface area (per gram of 
nanocomposite sample) dependence for the composite samples with HAp60 and HAp111 
(temperature = -10°C). The graph has additional data corresponding to HAp spheres and 





Polymer nanocomposites containing HAp nanoparticles with different amounts of 
specific surface area were processed and characterized to elucidate the effects of 
nanoparticle surface area and polymer morphology on nanocomposite properties.  
Through these studies, a relationship between the amount of nanoparticle surface area 
available in a composite and the reinforcing efficacy was indicated.  While DSC 
measurements did not show significant alterations to the crystalline content of PCL, 
DMA measurements did suggest that the mobility of the amorphous polymer chains were 
restricted by the addition of nanoparticles in both HAp60 and HAp111 composites.  In 
the nanocomposites, the interphase network was formed at 5 wt.% HAp60 and 10 wt.% 
HAp111 as evidenced by a discontinuous increase in storage modulus above Tg and 
reinforcement values higher than those predicted by micromechanics.  Differences in the 
formation of an interphase network can be attributed to different dispersion 
characteristics of the two nanoparticle systems.  A comparison to data collected for 
amorphous polymer nanocomposites also indicate that the reinforcement achieved is a 
general behavior for nanocomposites containing low aspect ratio particles and that 
available surface area is a valid parameter for nanocomposite design and modeling prior 
to the formation of a nanoparticle network. 
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CHAPTER 4 




 The bulk polymer matrix morphology in a nanocomposite is one possible material 
parameter that can influence the reinforcing efficacy of nanoparticles and hence 
properties of the resulting nanocomposites. The degree and mechanism of reinforcement 
can change based on the bulk morphology of a thermoplastic polymer such as amorphous 
or semi-crystalline morphology. In the case of an amorphous polymer matrix composite, 
the immobilization of the amorphous polymer chains by the high surface area 
nanoparticles has been described as one of the mechanisms of reinforcement above the Tg 
of the bulk polymer matrix.[14, 137, 139, 143-145] The nanoparticles in semicrystalline polymer 
composites can cause changes in both the amorphous and crystalline phases by restricting 
the mobility of amorphous polymer chains or by inducing changes in crystal phases, 
crystallinity or crystal size.[143, 146-151] Similarly, the change in crystal morphology and 
crystal size of polymer matrix in presence of nanoparticles can lead to increased 
toughness in nanocomposites.[143, 148, 149] The crystallite morphology of polymer matrix 
also can transform from large spherulitic structure to fiber-like crystallites in presence of 
nanoparticles, changing the toughening mechanism of polymer nanocomposites.[147] The 
interfacial interactions and the reinforcement in semi-crystalline polymers is also 
influenced by the certain crystallization morphologies such as shish-kabab[151] developed 
in solution, or shish-calabash,[150] developed in melt blending as a result of the nucleation 
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of polymer on the filler surface. In semicrystalline polymer composites when the 
nanoparticles are well dispersed at loadings greater than 20 wt. %, the growing crystalline 
lamellae can form thermodynamically more favorable thicker lamellas by pushing the 
nanoparticles out, and hence controlling their distribution in the matrix.[152] The degree of 
exfoliation of organoclay and the mechanical properties of the composites were found to 
be governed by the morphological and chemical structure differences between nylon 6 
and nylon 66.[153] Carbon nanofiber (CNF) reinforcement below Tg was dependent on the 
bulk polymer morphology in chemically similar but morphologically different amorphous 
and semicrystalline polyamide matrix nanocomposites.[28] Tensile modulus increased 
more in CNF/Amorphous polymer matrix composite fibers in comparison to CNF/semi- 
crystalline polymer matrix composite fibers.[29, 154] This indicated that even though the 
filler is same, the bulk polymer morphology is playing a role in guiding the reinforcement 
in these composites. Similarly, reinforcement above polymer Tg was found to be related 
to the amount of available amorphous content in polymer matrices differing in the 
amount of crystallinity.[155] Also, the percolation threshold of nanoparticles in a polymer 
nanocomposite has been shown to be inversely related to the matrix crystallinity.[156]  
Thus the matrix morphology has the potential to influence the properties of 
nanocomposites and be used as a materials design tool.  
 In the studies described above, the effect of bulk polymer morphology in 
semicrystalline matrices on the thermal and thermomechanical properties has not been 
evaluated collectively. In this chapter, dependence of all these properties as well as 
dispersion of nanoparticles on the polymer crystallinity has been investigated.  Two 
nanocomposite systems were studied where the nature of the interfacial interaction was 
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similar, but the biodegradable polymer matrices had different amounts of crystallinity. 
The specific materials studied were hydroxyapatite (HAp)/ polycaprolactone (PCL) 
nanocomposites[70] and HAp/ polyhydroxybutyrate (PHB) nanocomposites.[157] The 
experimental results indicated that the dispersion characteristics, thermal properties and 





 Nanocomposites containing HAp particles and a PHB matrix were prepared using 
a solution processing route. HAp nanoparticles were synthesized via a reverse 
microemulsion method following a protocol from Bose and Saha.[102] The HAp 
nanoparticles produced by this method contained by number, about 40% plate shaped 
particles and 60% near-spherical particle assemblies formed from the coalescence of 
individual needle shaped particles during calcination.  The specific surface area of the 
particles was measured to be 111 m2/g.  More information regarding the surface 
chemistry, crystal structure, and other particle characterization is available in Chapter 3. 
The two polymers PCL and PHB had different amounts of crystallinity, PCL was 
approximately 40% crystalline, and PHB was approximately 70% crystalline. The details 
about PCL polymer and the solvent used are given in Chapter 3. The PHB composites 
were prepared using solvent grade chloroform (BDH) and PHB with weight average 
molecular weight of 426,000 g/mol (Sigma-Aldrich).  All materials were used as received 
from the suppliers.   
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4.2.2. Nanocomposite Processing of PHB Composites 
The HAp111 nanoparticles were dispersed in chloroform by sonication in a cup-horn 
sonicator at a power of 84W for 30 minutes to reduce the size of nanoparticle aggregates.  
A circulator was used to maintain the water temperature in the sonicator at approximately 
room temperature. At the end of this sonication step, the suspension appeared 
homogeneous to visual observation, and no aggregates were observed. PHB was 
dissolved in the particle sol at 55°C to form a 1 wt. % polymer solution by stirring. To 
disperse the nanoparticles in PHB, the nanocomposite solution was further sonicated for 
30 minutes at room temperature. The resulting nanocomposites were collected by 
precipitation in cold methanol and dried in a vacuum oven at 50 °C. Nanocomposite films 
were prepared by melt pressing these precipitated composite particles at 175°C for 8 
minutes.  All samples were cooled from the melt to room temperature in the press using 
an integrated water cooling system in approximately 13 minutes. The films were 
homogenous and transparent in appearance. Solvent cast composite films were prepared 
with 0, 0.5, 1, 5 and 10 wt. % of HAp particles. A neat PHB sample was also prepared 
using the same processing conditions as composite samples for comparison. The details 
of the HAp/PCL composite processing is given in Chapter 3. 
 
4.2.3. Nanocomposite Characterization 
 The HAp111/PCL and HAp111/PHB composites were characterized for dispersion 
and distribution, thermal transitions, polymer crystallinity, and thermomechanical 
properties.   
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Nanoparticle dispersion and distribution were observed by scanning electron 
microscopy (SEM) using cryogenically fractured surfaces. Cryo-fractured surfaces of the 
composite specimens were gold coated using an ISI Sputter Coater and then imaged 
using a LEO 1530 SEM at a voltage of 5 kV.  PCL composite specimens were also cryo-
fractured but the voltage used for imaging was 10 kV. 
 Thermal transitions for neat PCL and composites were measured by differential 
scanning calorimetry (DSC) with a Seiko DSC 220.  The specimens were heated from -
20 to 100ºC at a rate of 10ºC/min under nitrogen gas flow.  After a 10 min dwell, the 
specimens were cooled back to -20ºC at the same rate.  Two such cycles were performed 
on each specimen. Thermal transitions and polymer crystallinity of neat PHB and 
composites were measured by differential scanning calorimetry (DSC) with a TA Q-200 
DSC. The specimens were heated from 25 to 190 ºC at a rate of 10 ºC/min under nitrogen 
gas flow.  After a 1 min dwell, the specimens were cooled back to -40 ºC at the same rate.  
Then they were heated from -40 to 190 ºC at a rate of 10 ºC/min and after a dwell of 1 
min at 190 ºC cooled back to-40 ºC at the same rate. Two such cycles were performed on 
each specimen.  
 The thermal transitions from the experiments were measured as the peak 
maximum of the melting and crystallization peaks for both PCL and PHB. The 
crystallinity of the polymer was calculated by dividing the heat of fusion obtained from 
integrating the melting peak of the first and the second run by the heat of fusion for 
completely crystalline PHB (ΔHm°=146 J/g)[158] and PCL (ΔHm°=139 J/g).[127] The 
crystallinity was normalized by the weight fraction of polymer in the case of composite 
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samples. The percent crystallinity and the thermal transitions were reported as the 
average value obtained from two DSC runs on two different samples.   
 Isothermal crystallization studies were also performed to determine the effect of 
the nanoparticles on crystallization and to further understand the polymer morphology. In 
case of PCL, the samples were heated from room temperature to 100ºC at a rate 10 
ºC/min  under nitrogen atmosphere and held at 100ºC for 10 min and then cooled rapidly 
(60ºC/min) to the crystallization temperatures (Tc= 40, 42, 44, 46ºC) for the isothermal 
experiments. The samples were then heated again to 100ºC at 10ºC/min. In case of PHB, 
the samples were heated from room temperature to 190 ºC at a rate 100 ºC/min  under 
nitrogen atmosphere and held at 190 ºC for 3 min and then cooled rapidly (100 ºC/min) to 
crystallization temperatures 120, 125 and 130 ºC and held at these temperatures until 
crystallization was complete.  Two isothermal studies were performed on each 
nanoparticle concentration, and the results were averaged.  
Thermomechanical properties were measured with dynamic mechanical analysis 
(DMA) using a Mettler Toledo DMA861e in uniaxial shear deformation.  In case of PCL, 
compression molded samples with a nominal thickness of 1 mm were used.  The testing 
was performed using force amplitude of 4.0N below Tg and a strain amplitude of 0.5 μm 
above Tg.  The temperature was varied from -100 to 40ºC with a heating rate of 2ºC/min, 
and the measurements were performed at a frequency of 1 Hz.  In case of PHB, shear 
sandwich sample was prepared for testing using three individual sample layer separated 
by aluminum. This method was referred from technical notes of Mettler Toledo 
DMA861e for shear mode testing of thin films. The sample films were thin so in order to 
reduce the uncertainties in modulus associated with thin samples, the alternate stacking of 
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sample and aluminum disks was used to build up the thickness. The diameter of the 
sample films and aluminum disks was 3.18 mm. The aluminum disks and sample films 
were punched using a metal punch with a punch and die of 3.18 mm diameter. The 
thicknesses of the aluminum disks were subtracted from the sample thickness to 
accurately calculate the moduli.  Comparison between thin films stacked in this manner 
and bulk films of the neat PHB showed similar results when tested by DMA.  The testing 
was performed using force amplitude of 3.0 N below Tg and a strain amplitude of 0.25 
μm above Tg for the neat PHB sample and 3.0N below Tg and 0.15 um above Tg for the 
composite samples.  The heating rate for all tests was 2ºC/min, and the measurements 
were performed at a frequency of 1 Hz in the temperature range from -30 to 100 ºC.  The 
measurements were performed in the linear viscoelastic range, which was identified 
through strain sweep measurements for all of the specimens. Two temperature scan tests 
were conducted on each material, and the average value was reported. 
 
4.3. Results and Discussion 
 The results obtained from the materials characterization indicated that the amount 
of polymer crystallinity played a role in the dispersion and distribution of nanoparticles 
as well as the thermal and thermomechanical properties of the composites. Table 4.1 
highlights the differences in the thermal properties of the two polymers as well as 
crystallinity.  The results of characterization experiments will be discussed in the context 





Table 4. 1.Differences in thermal properties and crystallinity of Neat PCL and PHB 
polymers. 
 
Polymer Glass Transition 







PCL -60 59 40 
PHB 10 181 70 
 
 
4.3.1. Dispersion and Distribution of HAp in Nanocomposites 
 The dispersion of nanoparticles in the polymer matrix was found to be governed 
by the polymer morphology. The dispersion of HAp nanoparticles achieved in the PHB 
matrix was observed using SEM on the cryo-fractured surfaces of the composite samples. 
In the context of this research as well as HAp/PCL composites in Chapter 3, dispersion 
was indicated by an increase in nanoparticle surface area available to the polymer 
(aggregates broken down), and distribution was indicated by a homogeneous distribution 
of nanoparticles in the matrix (individual or aggregated).  Figure 4.1 shows the dispersion 
of HAp particles in 0.5, 1, 5 and 10 wt. % HAp111/PHB composite samples. The 
distribution of the HAp filler in the PCL nanocomposites was observed to be 
homogeneous at all filler loadings studied as shown in Chapter 3[70] whereas in the PHB 
nanocomposites HAp filler particles were well dispersed at filler loadings of 0.5 and 1 wt. 
% and homogenously distributed at higher concentrations.  At 5 wt. %, small HAp 
aggregates were observed.  The aggregation increased at 10 wt. % loading in PHB 
composites. This suggested that there was a threshold HAp loading in the PHB system 
compared to PCL system and that was related to the amount of crystalline polymer in 
both cases. In the PCL polymer system, the amount of crystalline phase is 40% from the 
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first heat and hence the amorphous phase is about 60%. In PHB polymer system, the 
amount crystalline phase is about 70% from first heat and thus the amorphous phase is 
30%. The nanoparticles in a polymer are more likely to be dispersed in the amorphous 
regions of a polymer as the crystalline regions are tightly packed compared to amorphous 
regions which are more open. In case of PHB which has less amorphous regions, the 
particles would have to be distributed in less space compared to PCL which explains the 
increased aggregation in PHB system at higher concentrations. Thus the availability of 
the amorphous regions guides the dispersion of the particles in the two polymer systems. 
The percolation threshold for electrical conductivity has been shown to be lower in 
higher crystallinity matrix as the percolation clusters can be formed at lower 
concentration of nanoparticles due to the compact arrangement of nanoparticles in 
smaller amorphous regions.[156]  The lower crystallinity and hence larger amount of 
amorphous polymer in PCL aided in the dispersion. In case of PHB, the amount of 
amorphous polymer was half that of PCL and hence better dispersion was seen only at 
lower concentrations and aggregation started above 1wt. % filler loading. Therefore, the 
differences in the dispersion characteristics of particles in the two polymers was related 












Figure 4. 1.SEM images showing dispersion of HAp nanoparticles in (a) 0.5 wt. % 
HAp111/PHB, (b) 1 wt. % HAp111/PHB, (c) 5 wt. % HAp111/PHB and, (d) 10 wt. % 
HAp111/PHB composite samples.  Homogenous distribution was attained at all filler 
loadings. The scale bar in all the images represents 2 um. 
 
 
4.3.2. Thermal Properties and Crystallization Kinetics of Nanocomposites 
 DSC experiments showed that the nanoparticle inclusions influenced the thermal 
transitions and crystallization kinetics differently in polymers with different morphology. 
The thermal properties of nanocomposites were studied with DSC through 
nonisothermal, and isothermal experiments. Figure 4.2 shows the change in the first heat 
crystallinity of PHB matrix with an increase in concentration of HAp111 in comparison 
to the PCL system. It can be seen that in both polymer systems the crystallinity of the 
matrix was not significantly affected by the change in filler concentration. The 
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crystallinity of the composites remained within 5% of both neat PCL and PHB.  When 
the interactions between the particle and the polymer matrix are weakly attractive, little 
or no changes in polymer crystallinity are observed.[129-131] The results given here support 
this view. Also, significant changes in the polymer crystallinity and crystallite sizes have 
been seen at filler concentrations higher than 20 wt. %.[152] As such changes were not 
observed here it shows that the nanoparticles in this study are more likely to reside in 
amorphous regions as compared to crystalline regions as they do not affect the polymer 
crystallinity. The first heat values are presented here to provide an understanding of the 
relative crystallinity of the samples used for DMA testing.  The amount of crystallinity 
achieved in the composites from the second heating data was approximately the same as 
the neat PHB. The table with the crystallinity values from first and second heat of neat 

































Figure 4. 2.Crystallinity from first heat as a function of filler content for neat PHB and 
PCL as well as HAp111/PHB and HAp111/PCL composite samples. 
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 Table 4.2 gives the peak melting and crystallization temperatures from the first 
heat data of neat PHB and HAp111/PHB composites in comparison to the neat PCL and 
HAp111/PCL composites. First heating cycle data indicated that inclusion of HAp 
particles did not have a significant effect on the thermal transitions of the PCL system 
whereas the same particles significantly affected the crystallization temperature of PHB 
matrix. The melting temperature (Tm) of PCL and its composites was 58 ± 1°C and was 
not affected by the increase in particle concentration. Neat PHB and HAp111/PHB 
composites show double melting peaks in the first heating cycle. DSC first heating and 
cooling cycle of neat PHB and HAp111/PHB composites is given in Appendix C. The 
peak maximum temperatures of first and the second melting peaks are given in Table 4.2 
as Tm1 and Tm2. The multiple melting peaks have been observed in semicrystalline 
polymers and blends and have been attributed to the reorganization of crystals during 
heating. The first melting peak is associated with the melting of the small crystals 
developed during cooling process and the second melting peak or higher melting peak is 
due to the melting of the thicker or larger crystals formed during the recrystallization. 
Lower melting crystals convert to higher melting crystals during the course of heating 
because of recrystallization.[159-162] The Tm1 and Tm2 of the HAp111/PHB composites 
were observed to be similar to the neat PHB but some differences in the intensities of the 
peaks were observed. The melting points also did not change with change in nanoparticle 
concentration. The crystallization temperature (Tc) of 10wt. % HAp111/PCL composite 
was 1.4°C higher than the neat PCL, but was not affected for lower particle loadings. 
Therefore, in case of PCL system the HAp nanoparticles acted as nucleating agent but 
only at sufficient concentrations. For the PHB system, the crystallization temperatures 
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were significantly affected by even smaller concentrations of HAp111. The peak Tc of 
0.5 wt. % HAp111/PHB composite increased by 6°C with respect to the neat PHB while 
it decreased with the increase in nanoparticle loading and nearly approached the peak Tc 
of neat PHB at 10 wt. %. This trend in the crystallization temperature suggests that the 
nanoparticles were able to nucleate crystals at lower loadings and inhibited the 
crystallization at higher loadings. The crystallization temperature increases for 0.5 wt. % 
HAp111/PHB composite and then decreases with the increase in particle concentration. 
This behavior can be explained from the particle dispersion and distribution in the PHB 
matrix. The SEM showed that the particles were dispersed well at lower loadings (0.5 and 
1 wt. %) and were distributed homogeneously with aggregation at higher loadings. When 
the particles are dispersed well, the higher surface area helps the particles to act as 
nucleating agent but as the aggregation increases the surface area does not increase at the 
same rate. The change in particle size due to aggregation and the surface characteristics 
of the particle lead to decrease in crystallization temperature and hence nucleation 
efficiency. As significant changes were not observed in the crystallinity and melting 
points of the composites, the nucleation effect of the nanoparticles was related to the 
increase in polymer viscosity in presence of nanoparticles which helped in formation of 
stable nuclei. The second heat melting (Tm) and crystallization (Tc) temperatures of neat 









Table 4. 2.Melting (Tm) and crystallization (Tc) temperatures of neat PHB and PCL and 
their composites with HAp111 nanoparticles from first heat. 
 
Tm of PHB matrix 
composites 




Tc of PCL 
matrix 
composites 
Tc  of PHB 
matrix 
composites
0 wt.% 58.7 ± 0.1 172 ± 0.2 184 ± 0.1 27.8 ± 0.4 105 ± 0.1 
0.5 wt.% 58.0 ± 0.3 173 ± 0.5 185 ± 0.1 26.3 ± 0.4 111 ± 0.0 
1 wt.% 57.9 ± 0.1 173 ± 0.0  183 ± 0.3  26.1 ± 0.5 108 ± 0.1 
5 wt.% 58.2 ± 0.4 173 ± 0.0 184 ± 0.3 28.2 ± 0.7 107 ± 0.1 
10 wt.% 57.9 ± 0.1 173 ± 0.4 184 ± 0.3 29.2 ± 0.0 106 ± 0.3 
  
A large change in the crystallization temperature of the composite samples at 
lower concentrations indicated that the particles had a nucleating effect on the 
crystallization of the polymer matrix. Isothermal crystallization studies were conducted 
on the neat PHB and the composite samples at 120, 125 and 130°C in order to understand 
the crystallization kinetics.[163]  The temperature at which maximum rate of nucleation 
and spherulitic growth takes place in PHB is approximately 80°C,[163, 164]  so these tests 
are nucleation limited. The isothermal crystallization data were analyzed using the 
modified Avrami equation [165] 
ln(1-Xt) = - (Zt)n (1)
where Z is the crystallization rate constant, n is the Avrami exponent which relates to the 
mechanism of crystallization, and Xt is the relative crystallinity at time t. The values of Z 
and n were obtained by plotting a graph of ln(-ln(1-Xt)) against ln(t). The half time for 





Figure 4.3 shows the isothermal crystallization of neat PHB and HAp111/PHB 
composites at 120 °C. The isothermal crystallization plots of neat PHB and HAp111/PHB  
at 125 and 130 °C  are give in Appendix C. It can be seen that the 0.5 wt. % composite 
crystallizes faster than neat PHB and other composites which is consistent with non-
isothermal DSC results and dispersion characteristics seen with SEM. Figure 4.4 shows 
the measured half time (t1/2) of crystallization as a function of crystallization temperature 
for the neat PHB and HAp111/PHB composites in comparison with the neat PCL and 
HAp111/PCL composites. In the case of PCL system, 5 and 10 wt. % composite samples 
showed a lower t1/2 than the neat PCL at all crystallization temperatures studied. 
However, the 1 wt. % HAp111/PCL composite sample showed the same t1/2 as neat PCL. 








































Figure 4. 4.Half-time crystallization of (a) neat PCL and HAp111/PHB and (b) neat PHB and HAp111/PHB nanocomposites samples 
as a function of crystallization temperature. The isothermal crystallization temperatures selected for PCL was within 15°C of the 
crystallization temperature where maximum nucleation rate was determined (25°C).[166] The isothermal crystallization temperatures 
selected for PHB are within 40°C of the crystallization temperature where maximum nucleation rate was determined (80°C).[158, 163, 164] 

































































than the neat PHB at all crystallization temperatures studied. Therefore, PCL polymer 
needed sufficient concentration of nanoparticles in order to induce any change to the 
crystallization kinetics whereas in PHB even small concentration of filler can 
significantly affect the kinetics of crystallization. The 0.5 wt. % HAp111/PHB composite 
sample showed the lowest t1/2 for the crystallization temperatures of 120 and 125°C with 
approximately one-third t1/2 than neat PHB at the crystallization temperature of 120°C. 
However, the t1/2 was found to increase with the increase in filler concentration at both 
120 and 125°C, indicating an optimal HAp loading to increase crystallization kinetics at 
these temperatures. At the crystallization temperature of 130°C, the 1 wt. % 
HAp111/PHB sample had the lowest t1/2  followed by 0.5 wt. % and then the t1/2 increased 
again for 5 and 10 wt. % composite samples. The lower t1/2 indicates that the composite 
samples have higher crystallization rate than the neat PHB.  
 Table 4.3 shows the t1/2, n and Z values for neat PHB and all the composites 
samples at 120, 125 and 130°C. As seen from the table 0.5 wt. % HAp111/PHB 
composite sample had the rate of crystallization (Z) approximately three times higher 
than the neat PHB at 120°C and the rate decreases with the increase in particle 
concentration. These observations suggested that the particles acted as nucleating agent 
but the nucleation capability decreased with increase in particle loading. From the SEM 
images, it was observed that the distribution was homogenous at all concentrations but 
with some aggregation at 5 wt. %.  The increase in aggregation of particles reduced the 
amount of surface area available for nucleation and so crystallization kinetics were 
governed by the particle size distribution. The lowest t1/2 for the 1 wt. % HAp111/PHB 
sample at 130°C is associated with the decrease in supercooling, and thus more particle 
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concentration is required to increase the rate of crystallization because of increased stable 
nuclei size. 
 
Table 4. 3.Isothermal crystallization parameters for PHB and HAp111/PHB composite 
samples at Tc = 120, 125 and 130°C. 
 
Crystallization Temperature (°C) 
HAp wt.% 
120 125 130 
n 2.4 ± 0.0 2.3 ± 0.0 2.5 ± 0.0 
Z(min-1) 2.0·10-1 ± 3.6·10-3 7.8·10-2 ± 1.8·10-3 2.8·10-2 ± 1.1·10-4 0 
t1/2(min) 4.3 ± 0.1 10.9 ± 0.2 30.9 ± 0.0 
n 2.6 ± 0.0 2.7 ± 0.0 2.8 ± 0.0 
Z(min-1) 5.5·10-1 ± 7.5·10-3 1.6·10-1 ± 3.1·10-3 4.3·10-2 ± 2.5·10-4 0.5 
t1/2(min) 1.6 ± 0.0 5.4 ± 0.1 20.6 ± 0.2 
n 2.6 ± 0.1 2.4 ± 0.0 2.4 ± 0.1 
Z(min-1) 3.3·10-1 ± 6.9·10-3 1.3·10-1 ± 8.9·10-3 4.8·10-2 ± 1.2·10-3 1 
t1/2(min) 2.7 ± 0.1 6.9 ± 0.5 18.0 ± 0.3 
n 2.6 ± 0.0 2.7 ± 0.0 2.4 ± 0.1 
Z(min-1) 2.8·10-1 ± 4.0·10-3 9.8·10-2 ± 1.5·10-3 3.8·10-2 ± 2.1·10-3 5 
t1/2(min) 3.1 ± 0.1 8.9 ± 0.1 22.6 ± 1.4 
n 2.6 ± 0.0 2.6 ± 0.1 2.6 ± 0.0 
Z(min-1) 2.4·10-1 ± 6.2·10-3 8.4·10-2 ± 6.7·10-4 3.4·10-2 ± 2.5·10-4 10 
t1/2(min) 3.6 ± 0.1 10.4 ± 0.1 25.4 ± 0.2 
 
The presence of particles did not affect the crystallization mechanism of PHB as 
the value of n remained between 2.4 and 2.8 for both neat PHB and the composites. The n 
value of the neat PHB and the composites was similar to n values found in literature.[167-
169] The n does not change significantly with the particle concentration which indicates 
the nucleation is athermal.[170] The n values of neat PCL and the composites were also 
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between 2.4 and 2.9 and remained almost unchanged by the particle concentration. Thus 
the crystal growth was two-dimensional in both systems. 
 
4.3.3. Viscoelastic properties of Nanocomposites 
The results of the thermomechanical experiments showed that the reinforcement 
in composites was associated with the differences in the polymer morphology between 
PCL and PHB. The shear storage modulus (G’) is plotted against temperature for both 
neat PCL and PHB and their composites in Figure 4.5. The error bar represents the spread 
in the data obtained from the two tests on each sample. The shape of the G’ curve 
between PCL and PHB polymers is different as they differ in the amount of crystallinity. 
In a polymer with higher crystallinity (in this case PHB) the drop in the modulus at the 
α/Tg transition is less steep compared to a polymer with lower crystallinity. Also the 
rubbery plateau is flatter is PHB compared to PCL, where the modulus is constantly 
falling with the increase in temperature. The PCL composites showed reinforcement at all 
concentrations above the Tg of polymer matrix but the 10 wt. % HAp111/PCL sample 
showed higher reinforcement both below and above the Tg of the polymer matrix 
compared to other concentrations. The 10 wt.% HAp111/PCL composite sample showed 
storage modulus increase of 24% at -80 °C (20 °C below Tg of neat PCL) and 63% 
increase at 10 °C (50 °C above the Tg of neat PCL). In comparison to the 10 wt. % 
HAp111/PHB composite, the 10 wt. % HAp111/PCL composite had lower reinforcement 
in the glassy modulus but higher reinforcement in the rubbery modulus. The 1 wt. % 
HAp111/PHB had higher reinforcement in the glassy modulus and similar reinforcement 
Figure 4. 5.Storage modulus values of (a) neat PCL and HAp111/PCL and (b) neat PHB and HAp111/PHB nanocomposite samples. 












































in the rubbery modulus compared to 1 wt. % HAp111/PCL composite. When comparing 
reinforcement between the PHB composites, 1 and 10 wt. % composites showed higher 
reinforcement than the neat PHB and other composites, both below and above the Tg of 
the polymer matrix. Compared to neat PHB, the 1 and 10 wt. % HAp111/PHB 
composites showed an increase in storage modulus of 25% and 37% at -10 °C (20 °C 
below Tg (10 °C) of neat PHB). The storage modulus increased by 17% and 52% for 1 
and 10 wt. % HAp111/PHB composite samples with respect to the neat polymer at 60 °C 
(50 °C above the Tg). The reinforcement for 0.5 and 5 wt. % composite samples was 
slightly higher than neat but within the experimental error. The 5 wt. % HAp111/PHB 
composite sample showed a lower reinforcement compared to other concentrations. This 
behavior was related to dispersion characteristics at this concentration which was in turn 
related to the polymer morphology. The amorphous regions in PHB are less compared to 
PCL due to higher matrix crystallinity. Therefore, as the nanoparticle concentration 
increases, more particles have to be distributed in the lesser amorphous regions in PHB 
which leads to aggregation. Thus particle aggregation at this concentration was related to 
the amount of available amorphous polymer regions. The decrease in reinforcement was 
therefore attributed to the aggregation and reduction in effective surface area. This was 
confirmed through SEM and the retarded crystallization rates in DSC. The reinforcement 
below Tg is attributed to the nanoparticle properties and replacement of portions of softer 
matrix by stiffer particles. The crystallinity data obtained from the DSC experiments in 
both PCL and PHB matrix composites has also indicated that the particle concentration 
did not have significant effect on polymer crystallinity. Therefore the differences in 
magnitude of G’ of the composites cannot be related to changes in matrix crystallinity. 
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The 1 wt. % HAp111/PHB composite in case of the PHB matrix composites could 
reinforce below the Tg of the matrix compared to 1 wt. % HAp111/PCL composite as the 
amount of amorphous phase was less in PHB than in case of PCL matrix. The higher 
reinforcement of 10 wt. % HAp111/PHB below Tg compared to 10 wt. % HAp111/PCL 
is attributed to the differences in amounts of amorphous phase as well as dispersion 
characteristics between the two polymer matrices. The SEM results showed that the 10 
wt. % HAp111/PHB sample had homogeneous distribution of particles but in the form of 
large aggregates compared to 10 wt. % HAp111/PCL which had homogeneous 
distribution of smaller spherical clusters.  
 The rubbery modulus, above matrix Tg, is influenced by the polymer morphology 
at the polymer/particle interface, strength of polymer-particle interactions and particle 
size and specific surface area.[137, 139, 144, 145, 155, 171] The 10 wt. % HAp111/PHB shows 
lower reinforcement than 10 wt. % HAp111/PCL 50 °C above the Tg of both the 
matrices, attributed to increased particle aggregation and particle-particle interaction in 
PHB due to higher matrix crystallinity and lesser availability of amorphous phase. 
Increased matrix stiffness has also been shown to generate higher stresses around the 
particles and increase dewetting.[172] Therefore, the lower reinforcement in PHB 
composite above Tg compared to PCL system is due to reduction in effective surface area 
of particles caused by aggregation and higher matrix stiffness, both governed by the 
matrix crystallinity. The work of adhesion between PCL and HAp as well as PHB and 
HAp is given in Appendix C. 
The loss modulus (G”) data was used to understand the changes near and above 


























Figure 4. 6.Loss modulus values of (a) neat PCL and HAp111/PCL and (b) neat PHB and HAp111/PHB nanocomposite samples.  The 














































4.6a and 4.6b for the PCL and PHB composites, respectively.  Each point represents the 
average value obtained from two tests performed using the same parameters, and the 
error bars represent the spread in the data from those two tests.  For all of the samples, 
small shifts in the peak temperature were observed.  In case of the PCL system, the Tg of 
the neat PCL from the loss modulus peak was -55 °C and the Tg of all composites fell 
within – 2 °C of the neat PCL. In case of PHB system, the Tg of the neat PHB from the 
loss modulus peak was approximately 10 °C and the peak temperatures of the composites 
were same as neat PHB for 0.5, 5 and 10 wt. % composite samples but for 1 wt. % it was 
within -5 °C of the neat PHB. In case of the PCL system, the value of G” increased with 
the increase in particle concentration above the Tg of the matrix. Also the 10 wt. % 
HAp111/PCL composite showed peak broadening towards the high temperature side of 
the transition. In case of the PHB system, the G” of the composites at lower particle 
loadings was slightly higher than the neat PHB but within experimental error. The 10 wt. 
% HAp111/PHB composite gave about 28% increase in G” whereas 10wt.% 
HAp111/PCL gave an increase in G” of 48%, 50 °C above the Tg of the matrices. Also, 
all the HAp111/PHB composites showed higher G” compared to the neat PHB and no 
peak broadening at any concentration was observed. The interactions between the 
particles and both polymer systems are chemically similar as both polymers matrices are 
polyesters differing in the amount of crystallinity. The nanoparticles in PHB composites 
were dispersed well at lower concentrations as confirmed from SEM imaging and DSC 
experiments. However, the reduced amount of amorphous polymer led to aggregation at 
particle loadings of 5 wt. % and above. As a result, the effective surface area of 
nanoparticles reduced due to aggregation at these concentrations. The amount of 
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immobilized polymer in a composite is governed both by the surface area of the filler as 
well as the strength of interaction between the polymer matrix and the filler. In this case, 
the strength of interaction is similar between the two systems however the effective 
surface area of particles is reduced in the PHB system. Therefore, the amount of 
constrained polymer is different in the two systems attributed to differences in particle 
dispersion which is related to the polymer crystallinity. 
 To understand more fully the reinforcement trends in both polymer systems, G’ 
was normalized with respect to neat PCL and neat PHB and the reinforcement values 
were plotted against temperature.  These data are shown in Figures 4.7a and 4.7b, 
respectively, for HAp111 loading of 1 and 10 wt. %.  The error bars in these plots 
represent the propagated error from the composite sample and the neat PCL and neat 
PHB calculated using standard rules for the result of division. The reinforcement in the 
case of 1 wt. % HAp111/PCL is almost constant with temperature for all temperatures 
while for 10 wt. % HAp111/PCL composite sample, it is constant below Tg and increases 
with the increase in temperature above Tg of the PCL. In case of PHB system, for 1 wt. % 
HAp111/PHB the reinforcement is relatively constant at all temperatures below Tg of the 
matrix, increases at Tg until 40°C above Tg, and then remains relatively constant at all 
other temperatures. The reinforcement trend with temperature for 10 wt. % HAp111/PHB 
composite is similar to the 1 wt. % composite but showed higher reinforcement. These 
differences in temperature dependence in the two polymer systems can again be related. 
In the PCL materials, the mechanical reinforcement was a product of the properties of 
individual particles and the interactions between the composite components as the 
reinforcement shows temperature dependence above matrix Tg. Moreover, PCL has lower 
Figure 4. 7.Normalized storage modulus curves for (a) 1 and 10 wt. % HAp111/PCL and (b) 1 and 10 wt.% HAp111/PHB 
nanocomposite samples. 
  













































amount of crystallinity and hence higher fraction of amorphous polymer in comparison to 
PHB. In the PHB materials, the amount of reinforcement attained in a composite 
morphology with separated particles was lower because only 1 wt. % HAp could be 
dispersed. The amount of immobilized polymer which arises either due to chain 
entanglements or adsorption on particle surface will also depend on the amount of 
amorphous phase available. A constant rubbery modulus above Tg of a polymer is a 
general characteristic of higher crystallinity matrices. Therefore, the constant 
reinforcement above Tg in case of PHB composites is related to the higher crystallinity of 
PHB matrix as there is not enough amorphous portion of polymer to show a temperature 
dependent reinforcement. The reinforcement for 10 wt. % was higher than 1 wt. % 
HAp111/PHB but constant with temperature, indicating a dependence on particle 
aggregates and particle-particle interactions and not polymer conformation at the 
interface.  
               
4.4. Conclusions 
Two composite systems with the same filler but different polymer matrices were 
processed. The two polymer matrices differed in the amounts of crystallinity. The 
specific materials studied were HAp/PCL nanocomposites and HAp/PHB 
nanocomposites. The properties as well the dispersion of nanoparticles in the composites 
was found to be related to the differences in the polymer crystallinity between the two 
matrices. The dispersion of nanoparticles was governed by the availability of amorphous 
regions in each matrix. Larger amounts of matrix crystallinity in PHB decreased 
dispersion of particles at higher concentrations as the particles had to be distributed in 
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smaller amorphous regions. These differences in dispersion between the two polymer 
systems were attributed to the different amounts of crystallinity which in turn influenced 
both the thermal and thermomechanical properties. The DSC experiments revealed that 
the thermal transitions and crystallization kinetics in PHB system were affected even with 
lower concentrations of particles compared to PCL system. However, the amount of 
crystallinity attained and the crystal structure were not changed with the increase of 
particle concentration in both the polymer systems. The thermomechanical reinforcement 
was different in the two polymer systems even though the strength of interaction between 
the filler and the polymers was similar. This behavior was attributed to the poor 
dispersion characteristics in the higher crystallinity matrix which translated in to reduced 
interfacial strength and immobilized polymer compared to the low crystallinity matrix. 
These results suggested that the structure of the bulk polymer influenced the dispersion 
characteristics, thermal properties as well as reinforcement behavior of these 










Polymer nanocomposites are materials of great interest due to numerous 
application areas such as automotives,[173] optoelectronics,[174] tissue engineering[175] as 
well as structural materials.[176] It is very important to understand the properties of the 
constituents of the composites and their synergistic behavior in order to use them in 
desired application. A large variety of matrix materials ranging from amorphous and 
semicrystalline polymer matrices to polymer networks have been used for 
nanocomposites. Similarly, in case of the reinforcement research using clays and 
graphites (2D), nanotubes and nanofibers (1D) to silica, calcium carbonate etc. has been 
conducted. The stiffness as well as chemical structure of the matrix can influence the 
nanocomposite properties. In case of reinforcement, the nanoparticle attributes such as 
size,[59] surface chemistry,[62] aspect ratio[177] and shape[64] have been shown to influence 
the nanocomposite properties.  
Nanocomposites made with fullerenes or silica (0D), carbon nanotubes (1D) and 
clay or graphene (2D) define three main categories based on dimensionality and shape of 
the reinforcement.  With these three shapes in mind this chapter will look at the influence 
of nanoparticle shape on the nanocomposite properties when the reinforcement is 
chemically similar. Nanoparticle shape has been shown to be a contributing factor to the 
nanocomposite properties.[64, 70, 118, 178-181] Both computational and experimental studies 
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concerning nanoparticle shape have shown relationship between nanocomposite 
properties and particle shape. Nanoparticle shape was found to influence not only the 
mechanical properties of the resulting nanocomposites but also their processing and flow 
behavior. Rod shaped nanoparticles increased the melt viscosity more compared to 
platelet and icosahedral particles whereas the platelet nanoparticles showed higher tensile 
strength than rod and icosahedral particles.[180] Needle-shaped clay gave higher 
reinforcement and stronger interaction than platelet-shaped clay. In addition, fiber-like 
particles provided higher reinforcement in unidirectional composites than platelet-like 
particles whereas platelets were better when the composites had random distribution of 
particles.[179] Fiber shaped silica nanoparticles showed stronger toughening effect 
compared to spherical silica nanoparticles.[181] When the aspect ratio of the nanoparticles 
was 10, both experimental and computational studies showed that nanoparticle shape did 
not influence the nanocomposite reinforcement.[64, 118]  The role of nanoparticle shape 
was considered secondary and that of surface area as primary for spherical and platelet 
(aspect ratio = 10) shaped particles.[64] Nanoplatelets showed higher reinforcement than 
carbon nanotubes when the aspect ratio was 1000, but similar reinforcement behavior in 
aligned and random configuration when the aspect ratio was 10.[118] In our previous work, 
it was shown that although the nanoparticles were different in shape, platelet and 
spherical assemblies of needle like particles but surface area differences played major 
role in reinforcement instead of shape as the aspect ratio of particles was in the range of 
0-60. Comparison with another study indicated that reinforcement could be scaled with 
the amount of nanoparticle surface area available in the polymer nanocomposite 
irrespective of the polymer matrix, amorphous or semi-crystalline.[70] 
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Although research has been directed to understand the effect of nanoparticle 
attributes and matrix morphology individually but there is still a lack of understanding in 
terms of their coupled effect. Therefore, in this study we address the coupled effects of 
nanoparticle shape and matrix morphology. Nanoparticles synthesized had same surface 
area but differed in shape. The matrix crystallinity was seen to have significant effect on 
the dispersion characteristics of nanoparticles as well as other properties in Chapter 4. 
However, the particles used were large in size (>600 nm). PHB was again used as a 
matrix in this study to understand if the matrix crystallinity effects change when the 
particles have smaller size (50-100 nm) and different morphology. Calcium phosphate 
nanoparticles of two different shapes, near-spherical and fiber-like, were synthesized 
using a combined reverse microemulsion and solvothermal technique. PHB 
nanocomposites were designed using these two different shapes at different 
concentrations by solvent processing. The effect of nanoparticle shape on the dispersion, 
thermal as well as thermomechanical properties was studied. The crystallization kinetics 
showed a strong dependence on the morphology of the nanoparticles. The reinforcement 
behavior was a function of dispersion characteristics of the nanoparticles in both particle 




5.2.1. Materials for Synthesis of Near-spherical Calcium Phosphate Nanoparticles 
The near-spherical calcium phosphate nanoparticles were obtained using calcium 
nitrate tetrahydrate (Ca(NO3)2.4H2O) (Alfa Aeser) and diammonium hydrogen phosphate 
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(NH4)2HPO4 (Sigma Aldrich) as the calcium and phosphorous precursors, respectively. 
The aqueous solutions of the precursors were prepared using deionized water.  
Ammonium hydroxide (NH4OH) (Mallinckrodt Chemicals) was used for maintaining pH 
during the near-spherical calcium phosphate particles synthesis. The organic phase of the 
reverse micelle system for the near-spherical calcium phosphate particles was formed 
using cyclohexane (Fisher Scientific), n-pentanol (Aldrich) and octyl phenol ethoxylate 
(Triton X-100).  
 
5.2.2. Synthesis of Near-spherical Calcium Phosphate Nanoparticles 
 The near-spherical calcium phosphate nanoparticles were synthesized by 
modifying the protocol by Sun et al.[182] N- pentanol was used as the co-surfactant instead 
of n-butanol used by Sun et al. The size of reverse micelles and the curvature of the 
interface of the micelles has been found to be influenced by the type of co-surfactant. N-
pentanol was selected as the co-surfactant for the near-spherical nanoparticle synthesis as 
it has been found to have stronger interaction with the surfactant which in turn helps to 
control size and stability of the nanoparticles.[98, 183, 184] The complete method is described 
here.  10 ml of 0.5M calcium nitrate tetrahydrate and 0.3M diammonium hydrogen 
phosphate solutions were prepared in deionized water. The molar ratios of the precursors 
were selected to maintain calcium to phosphorous atomic ratio (Ca/P) of 1.67:1. The oil 
phase was formed by combining 18 ml of cyclohexane, 5.3 ml of Triton X-100 and 2 ml 
of n-pentanol. The calcium precursor was added slowly to the oil phase with continuous 
stirring to form the reverse microemulsion. Next, the phosphorous precursor was added to 
this reverse microemulsion with continuous stirring. The pH of the solution was adjusted 
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to 10.5 using ammonium hydroxide. This solution was then transferred to a teflon-lined 
autoclave and statically heated in an oven at 160 °C for 12 hours. The solution was 
allowed to cool down to room temperature. The solution was centrifuged and then 
washed with deionised water to get rid of the solvent and surfactant and a white powder 
was obtained. The powder was dried in the oven at 60 °C for 24 hours. 
 
5.2.3. Materials for Synthesis of Calcium Phosphate Nanofibers  
 For the nanofiber calcium phosphate nanoparticles, calcium chloride (CaCl2) 
(Sigma Aldrich) was used as the calcium precursor and diammonium hydrogen 
phosphate (NH4)2HPO4 (Sigma Aldrich) was used as the phosphorous precursor. The 
aqueous solutions of the precursors were prepared using deionized water. The organic 
phase of the reverse micelle system for the calcium phosphate nanofibers was formed 
using cyclohexane (Fisher Scientific), n-pentanol (Aldrich) and Cetyl 
trimethylammonium bromide (CTAB) (Sigma Aldrich). CTAB was used as the 
surfactant.   
 
5.2.4. Synthesis of Calcium Phosphate Nanofibers  
 The nanofiber calcium phosphate nanoparticles were synthesized by modifying 
the protocol by Lai Chen et al. [97] The molar concentration of Ca precursor was modified 
from 0.5 M to 0.6M in order to keep Ca/P ratio as 1.67. 1M and 0.6M solutions of Ca and 
P precursors were made in deionised water. 0.1 M of CTAB solution was prepared in 
cyclohexane. The ratio of co-surfactant to surfactant [n-pentanol]/[CTAB] was 
maintained as 3. The water to surfactant ratio, [H2O] / [CTAB], w was kept as 10. The 
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CTAB solution was divided into two halves. The reverse micelles were formed by adding 
the calcium precursor to one part of the surfactant solution with continuous stirring and 
similarly by adding the phosphorous precursor to the other half. The two reverse 
microemulsions were stirred for 30 minutes. After 30 minutes the phosphorous reverse 
micellar solution was mixed with the calcium reverse micellar solution and stirred for 
another 30 minutes. The resulting solution was transferred to a Teflon lined stainless steel 
autoclave and statically heated in an oven at 100 °C for 10 hours. The solution was 
allowed to cool down to room temperature and the product was centrifuged and washed 
with ether and ethanol to get rid of the organic solvent and surfactant. The white powder 
obtained was dried at 60 °C in an oven for 24 hours. 
 
5.2.5. Nanoparticle Characterization 
 Both near-spherical and nanofiber calcium phosphate nanoparticles were 
characterized for their morphology, size, chemical and crystal structure, elemental 
analysis, Ca/P ratio, surface area and density. The near-spherical and nanofiber calcium 
phosphate nanoparticles were characterized for the morphology and size using JEOL 
100CX-2 transmission electron microscope (TEM) operating at 100 kV. The near-
spherical and nanofiber nanoparticles were dispersed in ethanol using sonication for 2 
and 1.5 hours respectively, and then dropped on a lacey carbon coated copper TEM grid. 
The TEM grids were air-dried for one day. The chemical structure of the nanoparticles 
was determined using Bruker Vector 22 Fourier transform infrared spectroscopy (FTIR) 
spectrometer. The samples for FTIR were prepared by mixing 2 mg of each type of 
calcium phosphate powder with 100 mg of KBr (EMD Chemicals) separately and then 
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pressing into pellets. The spectra were recorded at room temperature in the range 4000-
400 cm-1 using 32 scans and a resolution of 4 cm-1. The crystal structure of the calcium 
phosphate nanoparticles was determined using a PANanalytical’s X’Pert PRO Alpha-1 
at an accelerating voltage of 45 kV and a current of 40 mA using monochromatized Cu K 
radiation.  The powder was ground and compactly filled in a hole in the sample holder. 
The diffraction pattern was collected over the 2θ range from 17-55° with a step size of 
0.03° and scan rate of 1°/min. The elemental and quantitative analysis of Ca/P ratio was 
conducted by energy dispersive x-ray spectroscopy (EDX). EDX was performed on a 
LEO 1530 thermally-assisted FEG SEM equipped with an EDX unit. The data was 
acquired at an accelerating voltage of 10 kV. Four measurements at 1000X were 
conducted on each type of nanoparticle system. The size of the nanoparticles was also 
measured using dynamic light scattering (DLS) apart from TEM.  In order to get better 
estimate of the size of nanoparticles and comparison with nanoparticles in the 
nanocomposites, the calcium phosphate nanoparticles suspension in ethanol was prepared 
by sonicating near-spherical and nanofiber nanoparticles for 2 and 1.5 hours, 
respectively. The concentration of calcium phosphate nanoparticles in ethanol was 0.004 
% by weight.  The measurements were performed using a Brookhaven BI-200SM 
goniometer (He-Ne laser with wavelength of 633 nm) and a BI-9000AT correlator. 
CONTIN analysis method was used for the analysis of the results as it is good method for 
polydisperse or multimodal particle size distributions. Surface Area and Porosity 
Analyzer (ASAP 2020) from Micromeritics, Inc. with the Brunauer, Emmet, and Teller 
(BET) method was used to determine the surface area of the near-spherical and nanofiber 
calcium phosphate nanoparticles.[124] The density of the calcium phosphate powder was 
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measured using a glass pycnometer. Approximately 0.5 grams of both near-spherical and 
nanofiber calcium phosphate powder was used for density measurement.  
 
5.2.6. Nanocomposite Preparation 
 The nanocomposites were prepared using solvent grade chloroform (BDH), 
reagent alcohol (Mallinckdrot) and PHB with weight average molecular weight of 
426,000 g/mol (Sigma-Aldrich). The PHB was dissolved in chloroform by refluxing and 
the undissolved matter was filtered. The resulting solution was precipitated in methanol 
to get purified PHB. The sonication time for both near-spherical and nanofiber calcium 
phosphate nanoparticles was optimized by carrying out studies using different sonication 
times and checking the dispersion of nanoparticles using SEM. A dual solvent technique 
was observed to work well for both type of nanoparticles. Therefore, the nanoparticles 
were dispersed in ethanol, and the polymer PHB was dissolved in chloroform. The near-
spherical and nanofiber calcium phosphate nanoparticles were dispersed in ethanol by 
sonicating in a cup-horn sonicator at a power of 130 W at room temperature for 2 and 1.5 
hours, respectively. The particle sols looked homogeneous and translucent after the 
sonication indicating that the aggregate size was reduced. The PHB polymer was 
dissolved separately in chloroform at room temperature for 1 hour and then at 45 °C for 
15 minutes to form a 5 wt. % polymer solution by stirring. The calcium phosphate sol in 
ethanol was then added slowly with continuous stirring to the polymer solution in 
chloroform. The mixture was stirred for 10 minutes. To disperse the nanoparticles in the 
PHB, the nanocomposite solution was further sonicated at a power of 87 W for 45 
minutes at room temperature. The resulting nanocomposites were collected by 
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precipitation in cold methanol and dried in vacuum oven at 50 °C for 24 hours. 
Nanocomposite films were prepared by melt pressing these precipitated composite 
particles at 180 °C for 8 minutes.  All samples were cooled from the melt to room 
temperature in the press using an integrated water cooling system in approximately 14 
minutes. The films were homogenous and transparent in appearance. The composite films 
were prepared with 0, 0.5, 1, 5, 10, 15 and 20 wt. % of near- spherical calcium phosphate 
particles and 0.5, 1, 5 and 10 wt. % of nanofiber calcium phosphate nanoparticles. A neat 
PHB sample was also prepared using the same processing conditions as the composite 
samples for comparison. For clarity, the near- spherical calcium phosphate (CaP) 
composites will be referred as NS-CaP/PHB and the nanofiber calcium phosphate 
composites as NF-CaP/PHB composites. 
 
5.2.7. Nanocomposite Characterization 
 The NS-CaP/PHB and NF-CaP/PHB composites were characterized for 
dispersion and distribution, thermal properties, and thermomechanical properties.  
Nanoparticle dispersion and distribution were observed by scanning electron microscopy 
(SEM).  Cryo-fractured surfaces of the composite specimens were imaged using a LEO 
1530 SEM at a voltage of 5 kV. The composite specimens were gold coated using an ISI 
Sputter Coater prior to imaging. 
 Differential Scanning Calorimetry (DSC) experiments were performed on a TA 
instruments DSC Q-200 in nitrogen. The specimens were heated from -40 to 190 ºC at a 
rate of 10 ºC/min under nitrogen gas flow.  After keeping the specimens isothermal for 3 
minutes, the specimens were cooled back to -40 ºC at the same rate.  Two such cycles 
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were performed on each specimen.  The crystallinity of the polymer was calculated by 
dividing area under the melting peak in the first and second heating cycles by the heat of 
fusion for completely crystalline PHB (ΔHm°=146 J/g).[158] For composite samples, the 
value of heat of fusion was normalized by the mass fraction of PHB in the composites for 
calculating crystallinity of PHB in the composite. The percent crystallinity was reported 
as the average value obtained from two DSC runs on two different samples. The thermal 
transitions from the experiments were measured as the peak maximum of the melting and 
crystallization peaks. 
 Isothermal crystallization studies were also performed to determine the effect of 
the nanoparticles shape on crystallization. The samples were heated from room 
temperature to 190 ºC at a rate 100 ºC/min  under nitrogen atmosphere and held 
isothermal at 190 ºC for 3 minutes and then cooled rapidly (100 ºC/min) to crystallization 
temperatures 120, 125 and 130 ºC and held at these temperatures until crystallization was 
complete.  Two isothermal studies were performed on each nanoparticle concentration, 
and the results were averaged.  
 The mobile amorphous fraction (MAF) in the composites samples was determined 
using modulated differential scanning calorimetry (MDSC). The specimens were heated 
from -50 °C to 60 °C with modulation amplitude of 1°C, a period of 100 s and an 
underlying heating rate of 3 °C/min. The change in heat capacity (ΔCp) of each sample 
was determined at the glass transition temperature (Tg). The Tg was taken at the half 
height point of the specific heat step from the reversing heat capacity versus temperature 












                                                    (1) 
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Where, ΔCp (sample) was determined from MDSC and the ΔCp for completely 
amorphous PHB polymer is 0.5 J g-1 °C-1.[185, 186] The crystalline fraction (CF) was 
obtained from the non-isothermal DSC experiments. Both CF and MAF were normalized 
to the weight fraction of the PHB. The rigid amorphous fraction (RAF) is defined as the 
fraction of polymer that lies as an interphase between the crystalline and the amorphous 
regions due to constrained polymer chains in contact with the crystal. RAF is the fraction 
of polymer which does not contribute to heat of fusion or the heat capacity change at the 
glass transition, attributed to crystalline and amorphous fractions of the polymer, 
respectively.[187, 188] RAF is that amorphous phase whose mobility is restricted due to its 
close association with the interlamellar regions or crystal surfaces whereas the MAF is 
the region which is postulated to be associated with larger gaps between the lamellar 
stacks.[189] The RAF calculated using the following equation, 
       MAFCFRAF −−=1                                                                 (2) 
 
Dynamic mechanical tests performed on a Mettler Toledo DMA861e in the shear 
mode. The specimens for the tests had a nominal thickness of 0.5 mm and a diameter of 
3.18 mm. The measurements were performed in the linear viscoelastic range, established 
using strain sweep measurements for all of the specimens at -25 and 80 ºC. The testing 
was performed using force amplitude of 1.0 N below Tg and a strain amplitude of 0.1 μm 
above Tg for neat PHB sample and 1.5 N and 0.1 μm for the composite samples.  The 
temperature was varied from -30 to 100 ºC with a heating rate of 2 ºC/min, and the 
measurements were performed at a frequency of 1 Hz.  Also a frequency sweep from 50 
to 0.1 Hz was performed at 5 °C intervals from -30 to 100 °C with a heating rate of 2 
ºC/min. Settling was enabled at all measurement temperatures.  
 101
The change in crystal size of PHB due to presence of nanoparticles was 
determined using determined using a PANanalytical’s X’Pert PRO Alpha-1 at an 
accelerating voltage of 45 kV and a current of 40 mA using monochromatized Cu K 
radiation.  The film sample was placed on a glass slide.  The glass slide was fixed to the 
sample holder. The diffraction pattern was collected over the 2θ range from 10-50° with a 
step size of 0.02° and scan rate of 1°/min. The peak profile fitting of the obtained XRD 
scans was done using MDI Jade 8.1 software. The crystallite size from the XRD peaks 





=                                                                 (3) 
Where, K is the shape factor with a value of 0.9, λ is the x-ray wavelength 1.54 Å, β is 
the line broadening at half the maximum intensity (FWHM) in radians of the peak, and θ 
is the Bragg angle. 
 
5.3. Results and Discussion 
 Using the synthesis method outlined above, two shapes of HAp nanoparticles 
were produced, near-spherical and nanofiber. The following section will describe the 
nanaoparticle characterization as well as results of nanocomposite characterization. 
5.3.1. Morphology of nanoparticles 
 Figures 5.1 and 5.2 give the morphologies of the calcium phosphate nanoparticles 
as seen in TEM. As observed from TEM, the shape of the NS-CaP nanoparticles was 
nearly spherical consisting of short rods with an aspect ratio of approximately 2. The NF-
CaP nanoparticles had a whisker like morphology with mean aspect ratio of 28. The 
aspect ratio was calculated from the particle size measurement done on the TEM images. 
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Dimensions of 160 nanofibers and 106 near-spherical nanoparticles were calculated from 
the TEM images. The NF-CaP also contained some platelets of similar length as fibers. A 
total of 2894 particles were counted, out of which 195 were platelets and the rest were 
nanofibers. The SEM images of particles are given in Appendix D. 
 
  
                                 (a)                                  (b) 
Figure 5. 1.Morphology of the near-spherical calcium phosphate nanoparticles as seen in 
TEM. The scale bar in both the images represents 100nm. 
 
  
                                 (a)                                  (b) 
Figure 5. 2.Morphology of the nanofiber calcium phosphate nanoparticles as seen in 
TEM. Some platelets were also seen but they constituted small percentage (7%). The 




5.3.2. Chemical structure 
The FTIR spectra of the NS and NF-CaP nanoparticles normalized to the 
phosphate peak (PO43- 1030cm-1) is given in Figure 5.3. The absorption bands at 465, 
563, 602, 961, 1034 and 1090cm-1 in the NS-CaP spectra are associated with the 
vibrations of the PO4 group.  The peaks at 1034 and 1090 cm-1  are attributed to the triply 
degenerated asymmetric stretching mode vibration, ν3 ,whereas the band at 961 cm-1 is 
assigned to the nondegenerated symmetric stretching mode ν1 of the P-O bond of the PO4 
group. The bands at 563, 602 and 465 cm-1 are associated with the triply and doubly 
degenerated bending modes ν4 and ν2 of the phosphate group, respectively. The peaks at 
3570 and 631cm-1 in the near-spherical HAp spectra correspond to the vibrations of the 
OH group. The spectra of NS-CaP nanoparticles is characteristic spectra of both 




























































Figure 5. 3.Infrared spectra of as synthesized near-spherical (NS) and nanofiber calcium 
phosphate (NF-CaP) nanoparticles normalized to the highest intensity peak 
corresponding to phosphate functional group (PO43- -1030cm-1).  
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In case of the NF-CaP spectra, the absorption bands at 467, 521, 559, 604, 957, 
1028 and 1042 cm-1 are attributed to stretching and triply degenerate vibration modes of 
the PO43- ions. The absorption band at 1126 and the shoulder at 1175 cm-1 in the fiber 
spectra are not seen in the near-spherical nanoparticle spectra and arise due to the 
presence of HPO42-  ions and have been observed in the IR spectra of monetite. [195, 196] 
The difference in shape of the peaks around the O-P-O bending (900-1250cm-1) also 
indicates that the fiber particles have HPO42- ions.[127] The shoulder at 864 and the peak at 
899 cm-1  in the fiber spectra indicates the presence of octacalcium phosphate (OCP) in 
the powder.[197] The broad peak at 3443 cm-1 in the fiber spectra corresponds to the H2O 
in the lattice as this band exists in the range of 3200-3550 cm-1.[198]  A shoulder was 
observed at 3561 cm-1 in the fiber spectra compared to a sharp peak in the near-spherical 
particle spectra and no peak corresponding to OH librational mode was observed in fiber 
spectra. The broad absorption band at 1629 cm-1 is associated with the bending mode 
vibration from the absorbed water.[127, 193, 195, 198] The presence of CO32- ions was 
indicated by the absorption bands between 1320 and 1500cm-1 in both types of 
nanoparticle spectrums.[93, 127, 191-193, 195] These are due to the absorption of carbon dioxide 
in the air during the synthesis process. The NF-CaP spectra has some differences from 
the NS-CaP spectra indicating the existence of other phases in NF-CaP nanoparticles. 
 
 5.3.3. Crystal structure 
 The NS-CaP and NF-CaP nanoparticles were characterized for their crystal 
structure using X-ray diffraction. Figure 5.4. gives the XRD patterns of NS and NF-CaP 
nanoparticles. The diffraction pattern of NS-CaP matched completely with calcium- 
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deficient HAp (CDHAp) (PDF card file No. 00-046-0905) where the star symbol 
corresponds to the standard characteristic peaks of CDHAp.  One peak corresponding to 
octacalcium phosphate was observed in the XRD pattern of NS-CaP nanoparticles. The 
dimensions of NS-CaP corresponding to a hexagonal unit cell were calculated as a = b = 
9.451 Å and c = 6.882 Å, similar to the dimensions from the PDF card file of CDHAp (a 
= b = 9.441 Å and c = 6.881 Å).  The shape and intensity of the diffraction peaks 
indicated that the particles are highly crystallized. The peak profile fitting using the MDI 





















































Figure 5. 4.XRD patterns of synthesized near-spherical (NS) and nanofiber calcium 
phosphate (NF-CaP) nanoparticles. All peaks in NS-CaP correspond to calcium 
deficientHAp (CDHAp) (   ). In NF-CaP pattern most peaks are from monetite (   ) but 
there are peaks from other calcium phosphates such as chlorapatite (   ), and octa-calcium 
phosphate (OCP) (   ). 
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The diffraction pattern of NF-CaP nanoparticles given in Figure 5.4, showed the 
presence of chlorapatite and dicalcium phosphate anhydrous (DCPA/Monetite) as the 
major phases with traces of OCP. The weight percentage of the phases was estimated using 
Rietfield quantitative phase analysis method. The chlorapatite was approximately 56 wt. % 
and that of DCPA/monetite was 44 wt. %. Table 5.1 shows the 2θ and d-spacing of NF-
CaP nanoparticles along with the peak intensities in comparison the International Center 
for Diffraction Data (ICDD) PDF card files of DCPA/Monetite and chlorapatite. It can be 
observed that d-spacings for the NF-CaP nanoparticles matched with those listed for the 
two phases from the ICDD PDF card files. 2θ and d-spacing of NS-CaP  and NF-CaP 
nanoparticles from XRD scan in descending order of intensity compared to d-spacing from 
other calcium phosphate phases is given in Appendix D. 
 
Table 5. 1.2θ and d-spacing of NF-CaP nanoparticles from XRD scan in descending order 
of intensity compared to d-spacing from PDF card files of DCPA/Monetite and 
Chlorapatite phases.  
 










32.25 2.77 (100) - 2.78 (100) 
26.48 3.36 (94.3) 3.37 (70) - 
30.15 2.96 (78.5) 2.96 (100) - 
31.38 2.85 (67.4) 2.84 (2) - 
25.97 3.43 (38.5) - - 
32.84 2.73 (30.7) 2.72 (35) - 
30.36 2.94 (23.9) 2.94 (35)  
46.25 1.96 (23.8) 1.96 (2) 1.96 (16) 
49.24 1.85 (23.3) 1.85(20) - 
53.02 1.73 (21.6) 1.73 (20) - 
39.01 2.31 (20.3) 2.31 (10) - 
28.49 3.13 (20) 3.13 (20) - 
47.50 1.91 (20) 1.92 (16) 1.91 (8) 
33.92 2.64 (19.5) - - 
49.48 1.84 (19.3) - 1.84 (16) 

















































Figure 5. 5.Energy dispersive x-ray analysis (EDX) of the synthesized NS and NF-CaP 
nanoparticles. The peak of carbon at 1.5 KeV was excluded from the composition. 
 
 
5.3.4. Elemental analysis, Ca/P ratio and density of nanoparticles 
 The elemental analysis and chemical stoichometry(Ca/P ratio) of the NS-CaP and 
NF-CaP nanoparticles was investigated with EDX. Figure 5.5 gives the EDX spectra of 
both NS and NF-CaP nanoparticles. Both of the nanoparticles contained peaks 
corresponding to the calcium, phosphorous and oxygen. Some traces of carbon were also 
found in both nanoparticles which are attributed to the carbon tape on the SEM stubs. In 
addition, the NF-CaP spectra also showed some traces of chlorine element. The presence of 
chlorine as one of the elements in the NF-CaP coincides with chlorapatite as one of the 
phases in the XRD. The atomic ratio of Ca/P in the powders of both type of nanoparticles 
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were obtained from the average of four scans. The mean Ca/P ratio for NS-CaP 
nanoparticles was 1.5 and that of NF-CaP was 1.0. These ratios indicate that the NS-CaP  
has stochiometric ratio corresponding to Ca-deficient HAp (CDHAp) and NF-CaP had 
Ca/P ratio similar to dicalcium phosphate dihydrate (DCPD)(CaHPO4.2H2O) and dicalcium 
phosphate anhydrous(DCPA/Monetite)(CaHPO4).[78, 199] 
 The densities of the NS-CaP and NF-CaP nanoparticles were measured using a 
glass pycnometer. The density of NS-CaP nanoparticles was 2.81g/cm3 while the density of 
NF-CaP nanoparticles was 2.22 g/cm3. The density of NF-CaP is similar to the density of 
the density of chlorapatite found in the literature.[200] 
 
Table 5. 2.Particle size measurement from DLS and TEM and comparison of surface area 
of nanoparticles measured from TEM dimensions and from BET. 
 
Particle Size (nm) Surface 
Area (m2/g) 
Nanoparticles 




NS-CaP 106 ± 8 h = 76 ± 28 
d = 34 ±  8 
53.5 ± 10 50 
NF-CaP 483 ± 64 l = 599 ± 438 
b = h = 22 ± 9 
96 ± 37 49.5 
 
 
5.3.5. Nanoparticle Size and Specific Surface Area  
 Table 5.2 compares the particle size and surface area as measured from DLS and 
TEM as well as BET. The mean effective hydrodynamic diameter of the NS-CaP and 
NF-CaP nanoparticles measured using DLS and deduced from CONTIN analysis was 
106 ± 8 nm and 483 ± 64 nm, respectively.  The deviation from the mean given here 
describes the variation in the mean value calculated from two separate dynamic light 
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scattering experiments. The size of the particles was also measured from TEM images. 
The near-spherical nanoparticles were short rods with the mean length of the longer side 
(h) in the near-spherical nanoparticles was 76 ± 28 nm calculated from approximately 
106 nanoparticles. The mean dimension of the other side (diameter of rods d) was 34 ± 8 
nm. The mean length (l) and width (b=h) of nanofibers was approximately 599 ± 438 nm 
and 22 ± 9 nm respectively. The standard deviation (σ) from the mean was calculated 
from size measurements of 160 fibers. The large deviations from the mean size indicated 
the polydispersity in size distribution of both types of nanoparticles. The specific surface 
area of near-spherical and fiber like nanoparticles measured from BET was 50 and 49.5 
m2/g, respectively. The surface area of the NS-CaP and NF-CaP nanoparticles was also 
calculated using particle size from TEM taking the particles as cylinders and as 
rectangular cuboids respectively. It can be observed that the surface area calculated using 
nanoparticle dimensions from TEM is similar to that from BET for NS-CaP nanoparticles 
but higher for NF-CaP nanoparticles. 
 
5.3.6. Dispersion and Distribution of Nanoparticles in Nanocomposites 
 The results of the characterization of the nanocomposite properties indicated that 
the shape of nanoparticles affected the nanocomposite properties through changes in 
dispersion characteristics, crystallization kinetics and thermomechanical properties. In 
order to understand the differences between dispersion and distribution in context of this 
research, dispersion was defined as single nanoparticles with increased surface area 
available to the polymer and distribution was defined as a homogeneous distribution of 
nanoparticles in the matrix in the form of cluster (combination of 2-4 nanoparticles) or 
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aggregates(combination of several clusters). Figure 5.6 shows the SEM images of the 
cryo-fractured surfaces of 0.5, 1, 5, 10, 15 and 20 wt. % NS-CaP/PHB composite 
samples. It can be observed that the near-spherical calcium phosphate (NS-CaP) 
nanoparticles were distributed homogeneously for all concentrations. However, the 
dispersion to single particle level was seen in only 0.5 wt. % composites samples. 1 wt. % 
composite consisted of particles distributed in the form of both single and as clusters of 
2-3 nanoparticles. At 5 wt. % and higher concentrations composite samples, smaller 
clusters which were formed by combination of 2 or more primary particles as well as 
bigger aggregates were observed. The size of clusters was 300-500 nm and aggregates 
was 1- 8 μm for 5 and 15 wt. % NS-CaP/PHB nanocomposites. The 10 wt. % composite 
sample had clusters in the size range 200-300 nm whereas aggregates were in the range 
of 3 - 5 μm. The cluster and aggregates size for 20 wt. % NS-CaP/PHB composites was 
300-600 nm and 1-12 μm, respectively. The clusters and aggregates were homogeneously 
distributed throughout the polymer matrix at all filler loadings. No region in the 
















Figure 5. 6.SEM images of a) 0.5wt. % HAp-NS, b) 1wt. % HAp-NS, c) 5wt. % HAp-
NS, d) 10wt. % HAp-NS, e) 15wt. % HAp-NS, and f) 20wt. % HAp-NS and PHB 
composites. The scale bar in all images represents 1 µm. 
 
The SEM images of cryo-fractures surfaces of 0.5, 1, 5 and 10 wt. % NF-CaP 
composites samples are shown in Figure 5.7. The nanofibers were well distributed at all 




composite samples. At higher loadings, the nanofibers were dispersed both in the form of 
isolated particles as well as in the form of fiber bundles. Some platelets were also 
observed along with nanofibers at higher concentrations. The percentage of platelets and 
nanofibers was calculated by counting the number of nanofibers and platelets from 18 
SEM images. It was found that nanofibers constituted 93% and the platelets 7% of the 
total nanoparticles. These numbers were consistent with the numbers obtained from TEM 




Figure 5. 7.SEM images of a) 0.5wt% HAp-NF, b) 1wt% HAp-NF, c) 5wt% HAp-NF, 








The dispersion characteristics of both NS and NF-CaP nanoparticles in the PHB matrix 
indicate that dispersion was homogeneous at low loadings. It has been seen that in case of 
pristine nanoparticles of any type that the dispersion deteriorates with the increase in 
nanoparticle concentration.[201-203] 
 
5.3.7. Thermal Properties and Crystallization Kinetics of Nanocomposites 
 The effect of nanoparticle shape on thermal properties of nanocomposites was 
studied with DSC through nonisothermal, isothermal and modulated experiments. Table 
5.3. shows the peak melting (Tm) and crystallization (Tc) temperatures of neat PHB, NS-
CaP/PHB nanocomposites and NF-CaP/PHB nanocomposites from the first heating and 
cooling cycle. The purification of the PHB polymer by refluxing and filtering led to the 
disappearance of the dual melting peak in the DSC experiments. The thermal transitions 
from the first heating and cooling cycle will determine if the nanoparticles have any 
effect on the crystallization of the polymer matrix. The first heat crystallinity values are 
required to confirm that the thermomechanical properties of the composites are not 
influenced by the differences in the crystallinity between the samples. The peak melting 
temperature was not affected by the difference in the shapes of the nanoparticles. The 
melting temperature for the NS-CaP/PHB composites samples was within - 2°C of the 
neat PHB (173°C) whereas the melting temperature for the NF-CaP/PHB composites 
samples was ± 1°C of the  neat PHB. The peak crystallization temperatures of both NS-
CaP and NF-CaP/PHB composites samples did not show significant shifts from the peak 
crystallization temperature of neat PHB with a few exceptions. 5 and 20 wt. % NS-
CaP/PHB composites showed 2-3% decrease in crystallization temperature whereas 1 wt. 
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% NF-CaP/PHB composite showed a 2% increase in the peak crystallization temperature. 
The peak crystallization temperatures of both NS and NF-CaP nanocomposites were 
within +1°C of the neat PHB (109°C) but within -2-3°C of the neat PHB for 5 and 20 wt. 
% NS-CaP/PHB composite. Peak Melting (Tm) and crystallization (Tc) temperatures of 
neat PHB, NS-CaP/PHB and NF-CaP/PHB nanocomposites from second heating and 
cooling cycle are given in Appendix D. 
 
Table 5. 3.Peak melting (Tm) and crystallization (Tc) temperatures of neat PHB, NS-





Tm of  
NS-CaP/PHB 
composites 
Tm of  
NF-CaP/PHB 
composites 
Tc of  
NS-CaP/PHB 
composites 
Tc  of  
NF-CaP/PHB 
composites 
0  173 ± 0.6 173 ± 0.6 109 ± 0.6 109 ± 0.6 
0.5  173 ± 0.4 174 ± 0.4 109 ± 0.3 110 ± 0.1 
1  173 ± 0.1 173 ± 0.2 110 ± 0.3 111 ± 0.1 
5  171 ± 1.2 172 ± 0.5 107 ± 0.3 109 ± 0.1 
10 172 ± 0.1 172 ± 0.0 110 ± 0.1 109 ± 0.0 
15  171 ± 0.3  110 ± 0.2  
20 171 ± 0.1  106 ± 0.1  
 
 
Figure 5.8. shows the change in crystallinity of NS-CaP and NF-CaP/PHB 
composites from first heat with respect to filler concentration and its deviation from the 
neat PHB. The crystallinity of neat PHB was approximately 68% and the crystallinity of 
both NS-CaP and NF-CaP/PHB composites was within 2% of the neat PHB. The 
crystallinity was not significantly affected by the increase in nanoparticle concentration 
for both types of systems. The amount of crystallinity achieved in both the composite 
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systems from the second heating data was within 1% of the neat PHB. The table of 
percent crystallinity of neat PHB, NS-CaP/PHB and NF-CaP/PHB composite samples 






























Figure 5. 8.Crystallinity from first heat as a function of filler content for neat PHB and 




Isothermal crystallization studies were conducted on neat PHB and both 
nanocomposite systems at 120, 125 and 130°C to understand the differences in 
crystallization kinetics because of nanoparticle shape.[163] The temperature at which 
maximum rate of nucleation takes place is 80°C.[163, 164] This indicates that the isothermal 
temperatures used for the study are nucleation controlled rather than diffusion controlled. 
Isothermal crystallization data were analyzed using the modified Avrami equation [165] 
ln(1-Xt) = - (Zt)n (4)
where Z is the crystallization rate constant, n is the Avrami exponent which relates to the 
mechanism of crystallization, and Xt is the relative crystallinity at time t. The values of Z  
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and n were obtained by plotting a graph of ln(-ln(1-Xt)) against ln(t). The half time for 
crystallization, t1/2 was taken as the time required for 50% transformation to crystal. 
 Figure 5.9 shows the half-time crystallization as a function of crystallization 
temperature for neat PHB and NS-CaP/PHB and NF-CaP/PHB nanocomposites. As seen 
from the Figure 5.9a, all NS-CaP/PHB composites except 5 wt. % at all temperatures and 
20 wt. % at one temperature had lower t1/2 than the neat PHB. 5 wt. % NS-CaP/PHB 
composite sample showed the highest t1/2 and hence the lowest rate of crystallization 
compared to other composites as well as neat PHB. This was consistent with the decrease 
in the peak Tc of 5 wt. % NS-CaP/PHB sample compare to neat PHB in the non-
isothermal DSC experiments. The SEM images also showed the appearance of aggregates 
in the 5 wt. % NS-CaP/PHB composite sample. The size of the clusters was 300-500 nm 
and that of aggregates was 1-8 μm for 5 wt. % NS-CaP composite and therefore the 
reduction in crystallization rate was attributed to the decrease in the surface area of the 
nanoparticles due to aggregation. The 20 wt. % NS-CaP/PHB composite sample showed 
the next highest t1/2 than the 5wt. % NS-CaP/PHB the trend again being consistent with 
the results of non-isothermal DSC and increase in aggregate size from SEM images. 
However, this decrease in crystallization kinetics was not observed for 10 and 15 wt. % 
NS-CaP/PHB nanocomposite samples. This behavior was found to be related to the 
variation in size distribution of the clusters and aggregates at all these concentrations as 
observed through SEM imaging.  Both 1 and 10 wt. % NS-CaP/PHB composites showed 





















































the lowest t1/2 at the crystallization temperatures of 120 and 125°C followed by 15 and 
then 0.5 wt. % NS-CaP/PHB composite samples.  At 130°C, the lowest t1/2 was observed 
in 0.5, 10 and 15 wt. % NS-CaP/PHB samples followed by 1wt. % NS-CaP/PHB 
composite sample. Figure 5.10a shows the trends of NS-CaP/PHB composite compared 
to the neat PHB at the isothermal crystallization temperature of 125°C.  Table 5.4 gives 
the actual values of the crystallization parameters n, Z and t1/2. In case of the NF-
CaP/PHB nanocomposite system, all concentrations at all temperatures had a lower t1/2 
and higher rate of crystallization than neat PHB. 1 wt. % NF-CaP/PHB composite had the 
fastest rate of crystallization and the lowest t1/2 at all temperatures followed by 0.5, 10 
and 5 wt. % NF-CaP/PHB composite samples. 5 wt. % NF-CaP/PHB gave the highest t1/2 
at 120 and 125°C and 10wt. % NF-CaP/PHB gave the highest t1/2 at 130°C. The trends in 
NF-CaP/PHB composite samples at the isothermal crystallization temperature of 125°C 
can be seen in Figure 5.10b. In comparing the two nanoparticle systems, except 10 wt. % 
NF-CaP/PHB at one temperature and 5 wt. % NF-CaP/PHB composite at two 
temperatures, all other NF-CaP composite samples had lower t1/2 and faster crystallization 
kinetics than NS-CaP/PHB composites. This is related to the nanoparticle shape. The 
spherical aggregates of needle like particles could also nucleate and enhance the 
crystallization kinetics as seen in Chapter 2. As the surface area of both nanoparticles is 
similar so these differences in crystallization kinetics are linked to the morphology or 
shape of the nanoparticles. Isothermal crystallization plots of NS-CaP/PHB and NF-
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Table 5. 4.Isothermal crystallization parameters for NS-CaP/PHB and NF-CaP/PHB 
nanocomposite samples at Tc = 120, 125 and 130°C. 
 
Crystallization Temperature (°C) Conc. 
(wt. %) 120 125 130 
n 2.7 ± 0.0 2.6 ± 0.0 2.6 ± 0.0 
t1/2 (min) 2.8 ± 0.0 8.7 ± 0.0 28.6 ± 1.2 
 
0  
(Neat PHB) Z(min-1) 3.2·10-1 ± 1.5·10-3 1.0·10-1 ± 2.3·10-4 3.0·10-2 ± 1.2·10-3 
n 2.6 ± 0.0 2.6 ± 0.0 2.6 ± 0.0 
t1/2 (min) 2.9 ± 0.1 7.6 ± 0.3 20.3 ± 0.2 
 
0.5 NS-CaP 
Z(min-1) 3.1·10-1 ± 7.5·10-3 1.1·10-1 ± 3.7·10-3 4.3·10-2 ± 2.8·10-4 
n 2.7 ± 0.0 2.7 ± 0.0 2.8 ± 0.0 
t1/2 (min) 2.2 ± 0.1 6.5 ± 0.1 24.9 ± 0.4 
 
1 NS-CaP 
 Z(min-1) 4.0·10-1 ± 8.7·10-3 1.4·10-1 ± 1.5·10-3 3.5·10-2 ± 6.0·10-4 
n 2.6 ± 0.0 2.6 ± 0.0 2.5 ± 0.0 
t1/2 (min) 3.4 ± 0.0 9.4 ± 0.3 29.2 ± 0.3 
 
5 NS-CaP 
 Z(min-1) 2.6·10-1 ± 2.0·10-3 9.3·10-2 ± 3.6·10-3 3.0·10-2 ± 3.2·10-4 
n 2.7 ± 0.0 2.4 ± 0.0 2.6 ± 0.0 
t1/2 (min) 2.1 ± 0.0 6.3 ± 0.1 20.6 ± 0.5 
 
10 NS-CaP 
Z(min-1) 4.1·10-1 ± 1.8·10-3 1.4·10-1 ± 3.1·10-3 4.2·10-2 ± 8.2·10-4 
n 2.6 ± 0.0 2.6 ± 0.0 2.5 ± 0.0 
t1/2 (min) 2.4 ± 0.1 6.8 ± 0.2 20.4 ± 0.6 
 
15 NS-CaP 
 Z(min-1) 3.6·10-1 ± 1.9·10-2 1.3·10-1 ± 3.3·10-3 4.2·10-2 ± 1.3·10-3 
n 2.6 ± 0.0 2.6 ± 0.0 2.5 ± 0.0 
t1/2 (min) 3.3 ± 0.1 8.5 ± 0.2 24.8 ± 0.5 
 
20 NS-CaP 
Z(min-1)  2.7·10-1  ± 1.0·10-2 1.0·10-1 ± 2.7·10-3 3.5·10-2  ± 4.9·10-4 
n 2.7 ± 0.1 2.8 ± 0.0 2.8 ± 0.0 
t1/2 (min) 2.0 ± 0.0 7.0 ± 0.0 25.0 ± 0.2 
 
0.5 NF-CaP 
 Z(min-1) 4.4·10-1 ± 5.3·10-3 1.3·10-1 ± 8.8·10-4 3.5·10-2 ± 1.5·10-4 
n 2.8 ± 0.1 2.7 ± 0.0 2.7 ± 0.0 
t1/2 (min) 1.8 ± 0.0 5.3 ± 0.1 18.8 ± 0.3 
 
1 NF-CaP 
 Z(min-1) 4.9·10-1 ± 1.3·10-2 1.6·10-1 ± 4.3·10-3 4.6·10-2 ± 8.7·10-4 
n 2.6 ± 0.0 2.6 ± 0.0 2.5 ± 0.0 
t1/2 (min) 2.4 ± 0.0 7.3 ± 0.2 21.2 ± 0.0 
 
5 NF-CaP 
Z(min-1) 3.7·10-1 ± 1.4·10-3 1.2·10-1 ± 3.4·10-3 4.1·10-2 ± 1.2·10-4 
n 2.8 ± 0.0 2.7 ± 0.0 2.5 ± 0.1 
t1/2 (min) 2.3 ± 0.0 6.9 ± 0.1 22.3 ± 0.5 
 
10 NF-CaP 
Z(min-1)  3.9·10-1  ± 2.3·10-3 1.3·10-1 ± 1.8·10-3 3.9·10-2 ± 5.9·10-4 
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 The parameter n which gives the mechanism of crystallization had value in the 
range of 2.4 – 2.8 for both NS-CaP as NF-CaP/PHB nanocomposites. Similar n values 
have been observed in nanocomposites of PHB with platelet shaped fillers.[168, 169] PHB is 
a high purity polymer as it is produced by bacteria and undergoes mostly homogenous 
nucleation through self-seeding, when not heated far above the melting point. Any 
impurities added to this polymer play the role of stabilizing the self-seeding process. The 
nucleating effect of these impurities vanishes when the polymer is heated to about 25-30 
°C above the melting temperature.[163] It can be observed in both NS and NF-CaP/PHB 
composites that the n value does not change significantly. This is indicative of the fact 
that the nanoparticles are playing the same role as the impurities, and some of the 
polymer chains get adsorbed on the nanoparticle surface when in the melt. When the melt 
is cooled, these nanoparticles adsorbed with polymer act as stabilized nucleating agents 
and affect the crystallization kinetics instead of acting as heterogeneous nucleating 
agents.[163]  
 
Table 5. 5.Rigid amorphous fraction (RAF) of NS-CaP/PHB and NF-CaP/PHB 
nanocomposites as a function of nanoparticle concentration. 
 
Nanoparticle 
Concentration (wt. %) 
RAF% in NS-CaP/PHB 
Composites 
RAF% in NF-CaP/PHB 
Composites 
0 7.6 ± 0.6 7.6 ± 0.6 
0.5 8.4 ± 0.2 9.1 ± 0.2 
1  5.4 ± 1.0 6.2 ± 0.7 
5 9.0 ± 0.6 6.7 ± 0.6 
10 8.2 ± 0.2 9.3 ± 0.2 
15  9.5 ± 0.7  




 Modulated DSC was used to determine the MAF for the neat PHB and NS and 
NF-CaP/PHB composites. Equation 2 was used then to determine the rigid amorphous 
fraction (RAF) of neat PHB and the composites. Table 5.5 gives the RAF of NS-
CaP/PHB and NF-CaP/PHB composites along with neat PHB. The RAF of neat PHB was 
approximately 8%. The RAF for 0.5 and 10 wt. % NS-CaP/PHB composite was nearly 
same as the neat polymer whereas it decreased by 29% for 1 wt. % NS-CaP/PHB 
nanocomposite. The RAF increased for 15 and 20 wt. % NS-CaP/PHB nanocomposite by 
25 and 21%, respectively. In case of the NF-CaP/PHB nanocomposites, both 0.5 and 10 
wt. % composites showed an increase in the RAF by 20 and 22%, respectively whereas 1 
and 5 wt. % showed a slight decrease compared to the neat PHB. 0.5 wt. % NF-CaP/PHB 
composite showed a higher RAF compared to 0.5 wt. % NS-CaP/PHB. Assuming the 
weight of composite as 1 gram, the weight of nanoparticles is 0.005 g and that of polymer 
is 0.995 g. The total surface area of 0.5 wt. % nanoparticles in the composite is 0.25 m2 
(Surface area of both nanoparticle shapes is approximately 50 m2/g). The 1.5% increase 
in RAF of 0.5 wt. % NF-CaP/PHB composite compared to neat PHB constitutes about 
0.0126 cm3 of the total volume of PHB assuming the RAF density is same as density of 
purely amorphous PHB[158] (1.18 g/cm3). If the filler particles entirely contribute to this 
increase in RAF, than the thickness of the adsorbed polymer chains can be calculated by 
dividing the volume of RAF by the available surface area of nanoparticles in the 
composite. The thickness of the adsorbed polymer is approximately 51 nm which 
constitutes approximately 2 radius of gyrations (Rg) of PHB.[204] This indicates that the 
some polymer is adsorbed or immobilized when the particles are well dispersed and 
amount of surface area available to polymer is same as the actual surface area of 
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nanoparticles. The surface area decreases for 1 and 5 wt. % NF-CaP/PHB due to 
aggregation and RAF also shows a decrease. The differences in the RAF value between 
the 0.5 wt. % NF-CaP and 0.5 wt. % NS-CaP/PHB composite samples are attributed to 
the morphology of the nanoparticles as the dispersion characteristics are same for both 
composite samples. The crystallization kinetics results also showed that NF-CaP 
nanoparticles increased the crystallization rate of PHB as compared to NS-CaP 
nanoparticles. As the concentration of nanoparticles is increased in both NS-CaP and NF-
CaP/PHB composites, the nanoparticles aggregate and the surface area decreases. 
However the RAF decreased more for 1 wt. % NS-CaP composite relative to neat PHB. 
The DSC experiments indicated that the crystallinity of the composites did not change 
significantly when compared to neat PHB and was within the experimental error. The 
melting temperatures of the composites and the neat PHB did not show large variations. 
This indicates that the changes in RAF observed in this study are related to the 
nanoparticle shape. The RAF increases for the composites with highest concentrations of 
nanoparticles in both cases. It is possible that after a certain nanoparticle concentration, 
the total surface area of clusters and aggregates reaches close to that of the dispersed 
nanoparticles leading to an increase in RAF. In this study we saw changes in RAF for 
low concentrations of nanoparticles, however, in other studies significant changes in RAF 
have been observed at filler concentrations above 20 wt. %. [205, 206]  
 
5.3.8. Viscoelastic Properties of Nanocomposites 
 The thermomechanical properties of NS-CaP/PHB and NF-CaP/PHB composites 
indicated that the reinforcement was a function of both the morphology of the matrix and 
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that of nanoparticles as well as the inherent properties of the nanoparticles. Figure 5.11 
shows the shear storage modulus G’ of the NS-CaP/PHB and NF-CaP/PHB 
nanocomposites along with the neat PHB.  The points in each figure represents average 
of G’ value from temperature sweep test at 1 Hz and corresponding G’ value at 1 Hz 
from a frequency sweep done at 5°C temperature intervals from -25 to 100°C. The error 
bar represents the deviation of data from the mean obtained from the two separate tests. 
The highest reinforcement 25°C below the Tg of the polymer matrix was observed for 0.5 
and 20 wt. % NS-CaP/PHB and 0.5 and 10 wt. % NF-CaP nanocomposites. The G’ 
showed an increase of approximately 28% for both 0.5 and 20 wt. % NS-CaP/PHB 
composites with respect to neat PHB whereas approximately 33% increase in G’ was 
observed for both 0.5 and 10 wt. % NF-CaP/PHB nanocomposites 25°C below the Tg of 
the neat PHB. The increase in glassy modulus of 10 and 15 wt. % NS-CaP/PHB 
nanocomposites was nearly same to 0.5 and 20 wt. % composite samples when 
considering the experimental error. The reinforcement in the glassy modulus is related to 
both the inherent mechanical properties of the nanoparticles as well as the dispersion 
characteristics. The highest reinforcement for 0.5 wt. % in both near-spherical and 
nanofiber nanocomposites was found to be governed by the good dispersion of both type 
of nanoparticles at this concentration. The SEM images confirmed the homogeneous 
dispersion for both systems at 0.5 wt. %. The reinforcement at this concentration is 
attributed to the large amounts of surface area of nanoparticles as they are dispersed. The 
G’ decreased for both 1 and 5wt. % NS-CaP/PHB and NF-CaP/PHB nanocomposites, 
and was nearly similar to neat PHB for 1 and 5 wt. % NS-CaP/PHB composite samples. 




                                                  (a)                                                      (b) 
Figure 5. 11.Shear storage modulus (G’) values of neat PHB and (a) NS-CaP/PHB and (b) NF-CaP/PHB nanocomposite samples as a 
function of temperature. The points represent the average value of two separate experiment
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wt. % NS-CaP/PHB nanocomposite. The drop in the modulus was associated with the 
aggregation of nanoparticles at these concentrations. The DSC experiments also showed 
decreased crystallization kinetics for 5 wt. % NS-CaP/PHB nanocomposite and the SEM 
also confirmed the presence of aggregates. However, the dispersion for 5 wt. % NF-CaP 
was better than the 5 wt. % NS-CaP nanocomposite and hence the drop in modulus was 
lower compared to NS-CaP composite. An increase in reinforcement of glassy modulus 
with particle concentration was not observed in both systems. SEM confirmed that the 
dispersion was good for low nanoparticle concentrations. Therefore, the reinforcement 
behavior below Tg was governed by the dispersion characteristics of the two nanoparticle 
systems. 
 The reinforcement behavior above the Tg of the polymer matrix for both 
nanoparticle systems shows some variations with nanoparticle concentration. The G’ 
50°C above the Tg of the matrix increased by 29% for 0.5 wt. % NS-CaP/PHB 
nanocomposite with respect to neat PHB. The G’ for 1 and 5 wt. % NS-CaP/PHB 
composites was similar to neat PHB when considering the experimental error. The 10 wt. 
% NS-CaP composite sample gave similar reinforcement of rubbery modulus as 0.5 wt. 
% NS-CaP/PHB composite. A 34 and 49% increase in G’ with respect to neat PHB was 
observed for 15 and 20 wt. % NS-CaP/PHB composite samples, respectively. The drop in 
rubbery modulus for 1 and 5 wt. % NS-CaP/PHB composite samples was associated with 
the decrease in surface area of the nanoparticles due to aggregation at these 
concentrations. The increase in reinforcement for nanoparticle concentrations of 10 wt. % 
and above is due to the reduction in effective volume fraction of the matrix due to 
increase in the number of nanoparticle aggregates. Some variations in the distribution of 
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clusters and aggregates between NS-CaP nanoparticle concentrations as observed in SEM 
explain the differences in the reinforcement behavior for composites of this system. The 
reinforcement for 20 wt. % NS-CaP/PHB composite was higher compared to 10 and 15 
wt. % composite samples. The calculated theoretical percolation threshold of rods of low 
aspect ratio is 0.087 vol. % or 24 wt. % [207-209] considering 2.81 g/cm3 as the density of 
NS-CaP nanoparticles. Therefore, the increase in modulus for 20 wt. % NS-CaP/PHB 
composite is attributed to the concentration of near-spherical nanoparticles approaching 
geometrical percolation or particle network. 
 In case of the NF-CaP/PHB nanocomposites the G’ above Tg, increased by 32% 
for 0.5 wt. % NF-CaP composite sample with respect to neat PHB. 1 wt. % NF-CaP/PHB 
composite had slightly higher rubbery modulus than the neat PHB. An increase in G’ of 
22 and 55% with respect to neat polymer was observed for 5 and 10 wt. % NF-CaP/PHB 
nanocomposites, respectively. The increase in rubbery modulus of 0.5 wt. % NS-CaP and 
NF-CaP/PHB composites was approximately equal. However, the reinforcement at other 
concentrations for NF-CaP/PHB composites was higher compared to NS-CaP/PHB 
composites. The surface area of near-spherical and nanofiber nanoparticles is same 
(50m2/g), however, there are some differences in the aspect ratio between the two types 
of nanoparticles. The average aspect ratio for near-spherical nanoparticles is 2 whereas 
that of nanofibers is 28. Taking these differences of aspect ratio in consideration, the 
reinforcement in nanofiber composites should be higher than near-spherical 
nanocomposites. However, these differences have been considered as insignificant to 
cause reinforcement changes by both experimental and computational studies. Moreover, 
the true realization of aspect ratio in nanofibers was not observed as the size of 
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nanofibers reduced due to sonication leading to polydispersity in the effective aspect ratio 
ranging from 8-60. The theoretical percolation threshold for geometrical percolation for 
an aspect ratio of 28 considering a monodisperse population of nanofibers is 
approximately 4 vol. % or 8 wt. % considering the density of NF-CaP nanoparticles is 
2.22 g/cm3. If the polydispersity in the aspect ratio of nanofibers is considered, the 
percolation threshold is approximately 8.4 wt. %.[210] Therefore, the increase in 
reinforcement of the 10 wt. % NF-CaP/PHB composite was attributed to the increase in 
particle-particle interactions associated with the formation of a percolated particle 
network. The formulas used for calculating percolation thresholds are given in Appendix 
D. 
 The overall reinforcement behavior of both nanoparticle systems was governed by 
the dispersion characteristics of the nanoparticles and the concentration in the 
nanocomposites. The nanoparticle shape played the role in controlling the threshold 
concentrations for geometrical percolation. The higher aspect ratio nanofibers having a 
lower threshold concentration for particle network compared to the near-spherical 
nanoparticles. The particle-polymer interactions were not seen to play a major role in 
reinforcement above 0.5 wt. % as the dispersion characteristics were not uniform with 
concentration for both nanoparticle shapes. The ratio of rubbery (65 °C) to glassy 
modulus (-10 °C) for NS-CaP/PHB nanocomposites was in the range of 0.47 to 0.52 for 
all concentrations and increased to 0.54 for 20 wt. % composite. Similarly, the ratio was 
0.46-0.48 for 0.5, 1 and 5 wt. % NF-CaP/PHB composite and increased to 0.54 for 10 wt. 
% NF-CaP/PHB composite. The similar ratio of reinforcement for all concentrations in 
one system and also between systems, indicate that the reinforcement was governed by 
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the nanoparticle dispersion characteristics, concentration and particle-particle 
interactions. Another possible common observation for PHB composites in Chapter 4 and 
5 is that the morphology of composites changes from bulk to particle network without 
undergoing formation of interphase network. This behavior is related to the morphology 
of the polymer matrix itself as well as the dispersion of nanoparticles. The crystallinity of 
the matrix is inversely related to the percolation threshold [156] and the formation of 
particle network seems to be governed by PHB crystallinity. The storage modulus curves 
of NS-CaP/PHB and NF-CaP/PHB at other frequencies (50, 10 and 0.1 Hz) are given in 
Appendix D. 
 
5.3.9. X-ray Diffraction of Nanocomposites 
 In order to observe any changes to the crystalline structure of PHB in 
presence of near-spherical or nanofiber nanoparticles, wide angle x-ray diffraction 
(WAXD) was performed on neat PHB and both NS-CaP and NF-CaP/PHB 
nanocomposite films. Figure 5.12 shows the WAXD patterns of neat PHB, NS-CaP/PHB 
and NF-CaP/PHB nanocomposites along with the diffraction patterns of pristine NS-CaP 
and NF-CaP calcium phosphate nanoparticles. Table 5.6 gives effect of addition of 
nanoparticles on the full width half maximum (FWHM) and crystalline lamella size for 
(020) and (110) reflections of PHB polymer. The characteristic reflections of neat PHB 
have been reported in the literature.[167, 211] The addition of both NS and NF-CaP 
nanoparticles did not change the unit cell of the PHB polymer and it crystallized in its 
typical crystalline form. Some changes in FWHM of (020) and (110) peaks for NS-CaP 
and NF-CaP/PHB nanocomposites compared to neat PHB indicated that the peaks were 
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mostly sharper compared to neat PHB. The crystallite size for the direction normal to 
(020) and (110) planes was calculated using Scherrer’s equation. The crystallite size for 
the (020) reflection increased slightly for 5, 10, 15 and 20 wt. % NS-CaP/PHB and for 
0.5 wt. % NF-CaP/PHB nanocomposites.  Some variations in the crystallite size with 
nanoparticle concentration were also seen for the (110) reflection. A decrease in the 
crystallite size normal to planes has been associated with less ordered crystal structure 
and nanofiller confinement effects on crystal growth.[212] In this study, the changes 
observed in the crystallite sizes are not very significant which is in tandem with the DSC 
results. It was observed from the DSC results that the crystallinity as well as melting 
temperatures of both near-spherical and nanofiber composites were not changed 
significantly with the increase in nanoparticle concentration. Thus the DSC and the X-ray 
experimental results indicated that both type of nanoparticles did not influence the crystal 








































Figure 5. 12.X-ray diffraction of (a) neat PHB, NS-CaP/PHB nanocomposites and NS-CaP nanoparticles, and (b) NF-CaP/PHB 







































Table 5. 6.Effect of NS-CaP and NF-CaP nanoparticles on the FWHM and crystallite size 










Neat PHB 0.269 ± 0.003 30 ± 0 0.427 ± 0.002 
 
19 ± 0  
0.5 wt. % NS-
CaP/PHB 
0.250 ± 0.001 32 ± 0 0.373 ± 0.018 22 ± 0 
1 wt. % NS-
CaP/PHB 
0.276 ± 0.008 29 ± 1 0.409 ± 0.002 20 ± 0 
5 wt. % NS-
CaP/PHB 
0.230 ± 0.003 35 ± 0 0.407 ± 0.002 20 ± 0 
10 wt. % NS-
CaP/PHB 
0.222 ± 0.003 36 ± 0 0.336 ± 0.002 24 ± 0 
15 wt. % NS-
CaP/PHB 
0.230 ± 0.008 35 ± 1 0.301 ± 0.003 27 ± 0 
20 wt. % NS-
CaP/PHB 
0.206 ± 0.019 39 ± 4 0.336 ± 0.005 24 ± 0 
0.5 wt. % NF-
CaP/PHB 
0.191 ± 0.005 42 ± 1 0.378 ± 0.075 22 ± 4 
1 wt. % NF-
CaP/PHB 
0.322 ± 0.005 25 ± 0 0.421 ± 0.003 19 ± 0 
5 wt. % NF-
CaP/PHB 
0.255 ± 0.016 31 ± 2 0.398 ± 0.018 20 ± 1 
10 wt.% NF-
CaP/PHB 
0.295 ± 0.012 27 ± 1 0.418± 0.000 19 ± 0 
 
5.3.8 Micromechanical Modelling 
The viscoelastic properties of NS-CaP/PHB and NF-CaP/PHB nanocomposites 
were modeled using modified Guth equation,[213] Cox model [214] and Halpin-Tsai 
micromechanical model for an isotropic composite containing discontinuous fibers. [215] 
The Halpin Tsai was used as predicted values were closer to experimental than other 
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            The Grandom is the shear modulus of the isotropic composite, EL  is the 
longitudinal elastic modulus of the composite, ET is the transverse elastic modulus of the 
composite, Ef is the elastic modulus of the fiber take as 110 GPa[216]  for NS-CaP and NF-
CaP nanoparticles and is the highest value reported for HAp in literature, the shear 
modulus of the matrix was converted to the elastic modulus Em using 0.4 as the Poisson’s 
ratio,[217] l/d is the aspect ratio of the fiber and Vf is the fiber volume fraction. The 
volume fraction of the nanoparticles was calculated using density of polymer as 1.233 
g/cm3 for 0.5 wt. % NS-CaP/PHB and 1.232 g/cm3 for 0.5 wt. % NF-CaP/PHB calculated 
from DSC corresponding to the crystallinity of the polymer in both composites, NS-CaP 
nanoparticles density of 2.81 g/cm3 and NF-CaP nanoparticle density of 2.22 g/cm3. The 
G’ value of 0.5 wt. % NS-CaP and NF-CaP/PHB nanocomposites at 25°C was compared 
to Grandom obtained from the model by varying the aspect ratio keeping the concentration 
fixed at 0.5 wt. %. The mean aspect ratio (l/d) of NS-CaP nanoparticles was 2 and that of 
NF-CaP nanoparticles was 28. 
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Figure 5. 13.Theoretical Grandom of 0.17 and 0.22 vol. % of NS-CaP and NF-CaP 
nanoparticles as a function of aspect ratio in comparison to experimental modulus G’ at 
25°C for 0.5 wt. % NS-CaP/PHB and NF-CaP/PHB nanocomposites. 
 
 
Figure 5.13 shows the theoretical Grandom modulus of 0.5 wt. % NS-CaP and NF-
CaP/PHB composites as a function of aspect ratio. The experimental G’ modulus of 0.5 
wt. % NS-CaP/PHB and NF-CaP/PHB composite is also shown in the Figure. It can be 
observed that the modulus values for both composites at 0.5 wt. % concentration were 
higher than the model predicted values. However, between the two nanoparticle shapes, 
the modulus does not change significantly. For the aspect ratios considered, the 
micromechanics also predict similar values for modulus. Therefore, there is a qualitative 
agreement between the micromechanics modulus predictions for low aspect ratio 
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nanoparticles and the experimental modulus differences for near-spherical and nanofiber 
nanoparticles obtained in this study. The relatively lower predicted model values 
compared to the experimental modulus are related to the limitations of the 
micromechanical model. Similar observations of discrepancy in model predictions have 
been made for fiber and flake-like inclusions when the ratio of filler modulus to matrix 
modulus is very large, which was 110 in our case.[218]  In addition, the Halpin Tsai model 
has been shown to underestimate the reinforcement potential of whisker and platelet 




 Polymer nanocomposites containing calcium phosphate nanoparticles with similar 
surface area but differing in morphology were prepared and characterized for 
understanding the effect of nanoparticle shape on nanocomposite properties.  Both 
crystallization kinetics and composite microstructure were found to be governed by the 
shape of the nanoparticles. Both near-spherical and fiber nanoparticles were well 
dispersed at 0.5 wt. % and homogeneously distributed at higher concentrations in the 
polymer matrix. The differences in the shape of nanoparticles did not reflect any changes 
to the crystallinity of the matrix. However, some variations in the crystallization 
temperatures observed in the near-spherical nanocomposites were attributed to the 
dispersion characteristics of the nanoparticles. The shape of the nanoparticles 
significantly influenced the crystallization kinetics of PHB such that nanofiber 
nanoparticles enhanced the crystallization kinetics more compared to near-spherical 
 136
particles. The changes in the RAF between the composites were also attributed to the 
morphology differences in the particles. Both systems showed significant reinforcement 
in glassy and rubbery modulus at the lowest nanoparticle concentration of 0.5 wt. % 
attributed to the higher surface area available due to good dispersion. The reinforcement 
at higher concentrations was a function of the dispersion characteristics of nanoparticles 
in both systems. Enhanced rubbery reinforcement at the highest nanoparticle 
concentrations was attributed to formation of the particle-particle network near 20 wt. % 
in near-spherical and 8.4 wt. % in nanofiber composite system. Therefore, the shape of 
nanoparticles not only influenced the crystallization kinetics of PHB but also controlled 
the threshold percolation concentrations for particle network formation which was low 










The following section gives the overall conclusions of this work. The conclusions of this 
work are limited to the processing as well as experimental conditions used in this work 
and the results obtained thereby.  
6.1.1. Chapter 3 – Effect of Nanoparticle Surface Area 
• Effect of nanoparticle surface area on the properties of the nanocomposites was 
investigated by synthesizing HAp nanoparticles of controlled surface areas 60 and 
111 m2/g and processing into nanocomposites using PCL as the matrix. 
• The thermal transitions and the crystalline content of PCL were not affected by 
the differences in the surface area of nanoparticles indicating that the polymer-
particle interfacial interactions were weakly attractive. 
• The nanoparticles acted as nucleating agents and affected the crystallization 
kinetics of PCL at sufficient nanoparticle concentrations. However, as the 
crystalline morphology did not change significantly, the nucleating effect of 
nanoparticles was due to increased polymer viscosity in presence of nanoparticles.  
• The thermomechanical properties show a dependence on the surface area of the 
nanoparticles. The temperature dependent reinforcement indicated that the 
interaction of nanoparticles was mainly with the amorphous polymer chains and 
nanoparticles restricted the mobility of these polymer chains.  
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• The deviations from the micromechanics predictions and the discontinuous 
increase in modulus above Tg indicated the formation of interphase network at 5 
wt. % HAp60 and at 10 wt. % HAp111/PCL composite. These differences in the 
concentrations of formation of interphase network were attributed to differences 
in dispersion characteristics. 
• The reinforcement could be scaled with surface area in both amorphous and semi-
crystalline composites with low aspect ratio nanoparticles and surface area can be 
used as a parameter for nanocomposite design and modeling of nanocomposite 
properties. However, this scaling does not appear to apply to semi-crystalline 
matrices with high crystallinity due to inadequate particle dispersion. 
 
6.1.2. Chapter 4 – Effect of Matrix Crystallinity 
• The effect of matrix crystallinity on the properties of nanocomposites was studied 
using similar filler but different matrices PCL and PHB, which differed by 
approximately 30 % in the amount of crystallinity. Spherical assemblies of HAp 
nanoparticles with surface area 111 m2/g were used to design composites with 
PHB matrix.  
• The amount of available mobile amorphous regions guided the particle 
distribution in both polymer matrices, particles being dispersed at all 
concentrations in PCL but dispersed at only lower concentrations in PHB.  
• The nanoparticles were likely to be located in the amorphous regions of the 
matrix as the crystalline content of both polymer matrices did not change 
significantly with the increase in particle concentration. 
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• Because of the high purity of PHB, the nanoparticles acted as self-seeding 
nucleation stabilizers under the melting temperatures studied and hence 
significantly affected the thermal transitions and crystallization kinetics of PHB 
compared to PCL. 
• The differences in the thermomechanical behavior of the two polymer systems 
were attributed to the different dispersion characteristics.  The reduced amorphous 
content in PHB led to poor dispersion characteristics at higher concentrations and 
hence reduced interfacial strength due to decrease in surface area of particles.  
• The matrix crystallinity guided the composite microstructure as in lower 
crystallinity matrix, it changed from bulk to interphase network whereas in high 
crystallinity matrix, it changed from bulk to particle network. Therefore, the 
matrix crystallinity controlled the particle distribution, reinforcement behavior 
and composite microstructure.  
6.1.3. Chapter 5 – Effect of Nanoparticle Shape 
• In order to understand the influence of nanoparticle shape on the nanocomposite 
properties, calcium phosphate nanoparticles with similar surface area but different 
shapes, near-spherical and fiber-like were synthesized and processed into 
composites using PHB as a matrix. 
• Both nanoparticle shapes were dispersed at the lowest concentration and 
homogeneously distributed at higher concentrations in the polymer matrix. Some 
differences in dispersion characteristics between two shapes as well as between 
different concentrations were attributed to the variations in cluster and aggregate 
sizes. 
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• The crystallinity of the PHB was not affected significantly by the differences in 
the nanoparticle shapes which indicated that the interfacial interactions between 
polymer and both particle systems were weakly attractive. 
• The crystallization kinetics were strongly impacted by nanoparticle shape, fiber 
calcium phosphate nanocomposites showed higher crystallization rate compared 
to near-spherical  calcium phosphate nanocomposites. As the surface area of both 
type of nanoparticles was same, the elongated and high aspect ratio nanofibers 
acted as better self-seeding nucleation stabilizers than near-spherical 
nanoparticles. 
• The changes in RAF between the composites were also in tandem with the 
crystallization kinetics and were influenced by the shape differences between the 
nanoparticles. The thickness of adsorbed polymer as determined by the increase in 
RAF in nanofiber composite was 2 times the Rg of PHB which also confirmed 
that the some amount of polymer is adsorbed or immobilized on the filler surface. 
• The thermomechanical properties were governed by the dispersion characteristics 
of the nanoparticles. Both near-spherical and nanofiber composites showed 
highest reinforcement at 0.5 wt. %, attributed to the good dispersion of 
nanoparticles and hence higher effective surface area. At higher concentrations, 
the modulus was function of the dispersion characteristics of nanoparticles in the 
two systems and was related to the effective surface area available at that 
concentration. However, the thermomechanical properties were not as sensitive to 
the differences in shape as crystallization kinetics. 
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• The matrix crystallinity and nanoparticle shape showed a coupled effect in 
guiding the composite microstructure. The higher crystallinity of the matrix led to 
the formation of percolated particle network in both particle systems with higher 
aspect ratio nanofiber particles forming the network at lower concentration 
compared to the near-spherical nanoparticles.  
Impact on Possible Biomedical Applications 
Polymer nanocomposites are used as bone graft substitutes, tissue scaffolds, guided bone 
regenerative membranes and bone drug delivery as well as dental implants. 
Nanocomposites designed in this work can be used for implants which need enhancement 
in mechanical properties without changing any other properties such as crystallinity and 
degradation rate. Nanoparticles of fiber shape have been shown to be better in some 
biomedical applications than particles and the higher surface area of these particles can 
be utilized with even lower volume fractions. Moreover, the nanoparticle network 
formation in high crystallinity matrices can be made use in tissue engineering scaffolds as 
bone cell growth and proliferation may be guided through this network.  
 
6.2. Recommendations for Future Work 
 
 The nucleating effect of calcium phosphate nanoparticles and its affect on the 
crystallization kinetics of PHB should be examined and investigated using polarized 
optical microscopy. Moreover, the change in surface area of nanoparticles due to 
aggregation should be evaluated using more molecular level techniques such as neutron 
scattering and ultra small angle x-ray scattering. We have looked at the effect of 
nanoparticles of near-spherical and fiber shape which are low aspect ratio (2-30) 
nanoparticles. In future high aspect ratio (100-500) or more fiber nanoparticles should be 
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synthesized and their nanocomposite properties studied. In addition, effect of platelet 
shaped nanoparticles on properties of nanocomposites studied in order to have a 
comparison between, near-spherical, fiber and platelet shapes similar to silica, CNFs and 
clay morphologies of fillers. In future, properties of the annealed nanocomposite samples 
should also be characterized for comparison to this work. 
 It was examined in this work that the method employed for the synthesis of 
nanoparticles of controlled surface areas and shapes, required removal of organic matter 
like surfactants using centrifuge or calcination. This step for removing organic matter led 
to the formation of clusters and agglomerates of nanoparticles due to strong 
intermolecular forces which made it difficult to disperse these nanoparticles. In future, 
alternative methods for synthesis should be investigated such as use of block copolymer 
surfactants. This work looks at the effect of pristine nanoparticle surface area and shape 
on the properties of the nanocomposites and understanding the effect of the same 





Table A. 1.Different phases of calcium phosphates, their chemical formulas, Ca/P ratios, 
density and crystal structure. [75, 220-222] 
 
Compound Chemical Formula Ca/P 
ratio 
Density Crystal Structure 
MCPM Ca(H2PO4)2.H2O 0.5 2.23 Triclinic 
MCPA Ca(H2PO4)2 0.5 2.58 Triclinic 
DCPD CaHPO4 . 2H2O 1.0 2.32 Monoclinic 
DCPA CaHPO4 1.0 2.89 Triclinic 
OCP Ca8(HPO4)2(PO4)4 .5H2O 1.33 2.61 Triclinic 
ACP CaxHy(PO4)z . nH2O, 
n = 3–4.5; 15–20% H2O 
1.2-2.2  N/A 
CDHA Ca10-x(HPO4)x(PO4)6 – x 
(OH)2 – x (0 < x < 1) 
1.5-1.67   
β-TCP β -Ca3(PO4)2 1.5 3.08 Rhombohedral 
α –TCP α -Ca3(PO4)2 1.5 2.86 Monoclinic 
HAp Ca10(PO4)6(OH)2 1.67 3.16 Monoclinic or 
Hexagonal 




































Figure B. 3.SEM images of (a) 0.5 wt. %, (b) 1 wt. % and, (c) 5 wt. % HAp60/PCL 











Figure B. 4.SEM images of (a) 0.5 wt. % and, (b) 5 wt. % HAp111/PCL composites. The 

































































Figure B. 5.DSC first heating and cooling cycle of neat PCL and HAp60/PCL 
composites. The figure shows that the peak maximum was chosen for both crystallization 






























































Figure B. 6.DSC first heating and cooling cycle of neat PCL and HAp111/PCL 
composites. The figure shows that the peak maximum was chosen for both crystallization 






Table B. 1.Isothermal crystallization parameters of neat PCL, HAp60 and HAp111/PCL 
composites at 40, 42, 44 and 46°C. 
 
Tc (°C)  
42 44 46 
t1/2 (min) 5.4 ± 0.3 11.9 ± 0.2 30.0 ± 0.7 
n 2.7 ± 0.0 2.7 ± 0.0 2.9 ± 0.1 
PCL-neat 






t1/2 (min) 4.3 ± 0.2 10.2 ± 0.4 23.9 ± 0.3 
n 2.5 ± 0.1 2.5 ± 0.0 2.8 ± 0.2 
1 wt. % HAp60 






t1/2 (min) 5.7 ± 0.1 12.9 ± 0.3 30.0 ± 0.4 
n 2.4 ± 0.0 2.4 ± 0.0 2.7 ± 0.1 
5 wt. % Hap60 






t1/2 (min) 5.2 ± 1.2 7.9 ± 0.4 22.1 ± 0.6 
n 2.1 ± 0.2 2.5 ± 0.0 2.6 ± 0.1 
10 wt.% Hap60 






t1/2 (min) 5.1 ± 0.2 12.4 ± 1.6 29.7 ± 1.6 
n 2.6 ± 0.2 2.4 ± 0.1 2.7 ± 0.1 
1 wt. % HAp111 






t1/2 (min) 5.1 ± 0.3 10.4 ± 0.1 24.7 ± 0.2 
n 2.6 ± 0.2 2.7 ± 0.0 2.7 ± 0.1 
5. wt. % HAp111 






t1/2 (min) 4.1 ± 0.0 8.7 ± 1.0 20.5 ± 1.3 
n 2.3 ± 0.2 2.3 ± 0.1 2.4 ± 0.0 
10 wt. % HAp111 

















Table C. 1.First and second heat crystallinity values of neat PHB and HAp111/PHB 
composites. 
 




Neat PHB 71.1 ± 0.6 68.9 ± 1.3 
0.5 wt. % HAp111/PHB 71.8 ± 0.0 67.5 ± 0.5 
1 wt.% HAp111/PHB 68.3 ± 0.2 68.4 ± 0.3 
5 wt. % HAp111/PHB 66.3 ± 0.4 68.1 ± 0.2 























0.5 wt % HAp111/PHB
1 wt % HAp111/PHB
5 wt % HAp111/PHB





































Figure C. 1. DSC first heating and cooling cycle of neat PHB and HAp111/PHB 
composites. The figure shows that the peak maximum was chosen for both crystallization 
and melting transitions. 
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Table C. 2.Melting (Tm) and crystallization (Tc) temperatures of neat PHB and PCL and 
their composites with HAp111 nanoparticles from second heat. 
 
Conc. Tm of PCL 
matrix 
composites 
Tm of PHB 
matrix 
composites 
Tc of PCL 
matrix 
composites 
Tc  of PHB 
matrix 
composites 
0 wt.% 58.7 ± 0.1 172 ± 0.6 27.8 ± 0.4 104 ± 0.3 
0.5 wt.% 58.0 ± 0.3 174 ± 0.3 26.3 ± 0.4 111 ± 0.0 
1 wt.% 57.9 ± 0.1 173 ± 0.1  26.1 ± 0.5 108 ± 0.0 
5 wt.% 58.2 ± 0.4 172 ± 0.1 28.2 ± 0.7 107 ± 0.0 

































































































Figure C. 3.Isothermal crystallization of HAp111/PHB composites at 130 °C. 
 
 
Work of Adhesion 
Strength of interaction between the filler and the polymer matrix can also be obtained 
from the reversible work of adhesion (WAB). The Dupre Equation relates WAB to the 
surface tensions of the filler (γA) and the polymer (γB) as well as the interfacial tension 
(γAB) between the two components. 
ABBAABW γγγ −+=                                                                   (2) 
The interfacial tension (γAB) can be calculated as,  
( ) 2/12 BABAAB γγγγγ −+=                                                                   (3) 
The dispersive components of surface tensions of PCL and PHB are 41[223] and 40.6 [224] 
mJ/m2 and that of HAp is 44 ± 2[225] mJ/m2. Using these numbers the WAB for PCL and 























Table D. 1.2θ and d-spacing of NF-CaP nanoparticles from XRD scan in descending order of intensity compared to d-spacing from 
PDF card files of other phases of calcium phosphates.  
 





















32.252 2.773 (100) - 2.770 (89) 2.779 (15) 2.781 (48) 2.778 (60) 2.780 (100) 2.779 (100) 
26.484 3.363 (94.3) 3.370 (70) 3.368 (7) - - - - - 
30.147 2.962 (78.5) 2.958 (100) - - - - - - 
31.376 2.849 (67.4) 2.843 (2) 2.854 (4) - - - - - 
25.973 3.428 (38.5) - - 3.424 (20) - - - - 
32.839 2.725 (30.7) 2.721 (35) - - 2.726 (72) 2.720 (60) - - 
30.364 2.940 (23.9) 2.937 (35) - 2.946 (5)     
46.245 1.962 (23.8) 1.959 (2) 1.957 (4) 1.957 (2) - - - 1.964 (16) 
49.243 1.849 (23.3) 1.850 (20) - 1.848 (7) - - - - 
53.024 1.726 (21.6) 1.725 (20) 1.728 (3) - - 1.722 (20) - - 
39.007 2.307 (20.3) 2.305 (10) - 2.304 (2) - - - - 
28.489 3.131 (20) 3.130 (20) 3.125 (5) 3.132 (3) - - - - 
47.496 1.913 (20) 1.915 (16) 1.911 (3) 1.914 (4) - - - 1.912 (8) 
33.921 2.641 (19.5) - - 2.637 (12) - - - - 
49.475 1.841 (19.3) - - - 1.842 (28) 1.841 (40) 1.838(16) 1.843 (16) 
40.002 2.252 (18.7) 2.251 (16) - 2.258 (2) - - - - 
 
a PDF card file No. 00-009-0080 
b PDF card file No. 00-050-0584 
c PDF card file No. 00-026-1056 
d PDF card file No. 00-046-0905 
e PDF card file No. 00-009-0432 
f PDF card file No. 00-019-0272 
g PDF card file No. 00-027-0074 
 
 
Table D. 2.2θ and d-spacing of NS-CaP nanoparticles from XRD scan in descending 
order of intensity compared to d-spacing from PDF card file of CDHAp (00-046-0905). 
 






31.71 2.82(100) 2.82(100) 
32.79 2.73(54.9) 2.73(72) 
31.38 1.85(41.5) 1.85(28) 
49.37 1.95(36.7) 1.95(30) 
25.84 3.45(33.3) 3.44(31) 
39.67 2.27(24) 2.27(23) 
33.92 2.64(22.6) 2.63(22) 
50.39 1.81(16) 1.81(15) 






Table D. 3.Percent crystallinity of neat PHB and NS-CaP/PHB composite samples from 
first and second heating cycles of DSC. 
 




Neat PHB 68.3 ± 0.7 67.7 ± 0.6 
0.5 wt. % NS-CaP/PHB 67.3 ± 0.0 67.8 ± 0.1 
1 wt.% NS-CaP /PHB 67.4 ± 0.3 67.2 ± 0.3 
5 wt. % NS-CaP /PHB 66.5 ± 0.5 67.1 ± 0.0 
10 wt. % NS-CaP /PHB 68.0 ± 0.3 67.9 ± 0.2 
15 wt. % NS-CaP /PHB 67.2 ± 1.1 67.4 ± 0.3 










Table D. 4.Percent crystallinity of neat PHB, and NF-CaP/PHB composite samples from 
first and second heating cycles of DSC. 
 




Neat PHB 68.3 ± 0.7 67.7 ± 0.6 
0.5 wt. % NF-CaP/PHB 66.4 ± 0.2 67.5 ± 0.0 
1 wt.% NF-CaP /PHB 68.8 ± 0.2 68.3 ± 0.4 
5 wt. % NF-CaP /PHB 68.1 ± 0.5 68.1 ± 0.4 








Table D. 5.Peak Melting (Tm) and crystallization (Tc) temperatures of neat PHB, NS-




Tm of  
NS-CaP/PHB 
composites 
Tm of  
NF-CaP/PHB 
composites 
Tc of  
NS-CaP/PHB 
composites 
Tc  of  
NF-CaP/PHB 
composites 
0  173 ± 0.6 173 ± 0.6 109 ± 0.6 109 ± 0.6 
0.5  172 ± 0.3 172 ± 0.2 108 ± 0.2 110 ± 0.4 
1  173 ± 0.4 173 ± 0.5 110 ± 0.3 111 ± 0.0 
5  170 ± 1.3 172 ± 0.4 107 ± 0.3 109 ± 0.0 
10 171 ± 0.0 171 ± 0.7 109 ± 0.1 109 ± 0.0 
15  170 ± 0.6  109 ± 0.2  
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5 wt. % NF-CaP/PHB
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20 wt. % NS-CaP/PHB
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0.5 wt. % NS-CaP/PHB
1 wt. % NS-CaP/PHB
5 wt. % NS-CaP/PHB
10 wt. % NS-CaP/PHB
15 wt. % NS-CaP/PHB
20 wt. % NS-CaP/PHB
 
 
Where nc = 0.6 is the number of contacts per rod, Ln/R0 is the mean aspect ratio taken as 
28 and L1 is the length of the rods (would change based on polydispersity) and R0 = 22 
nm. 
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Calculations for percolation threshold concentrations: 
For NS-CaP/PHB composites, the following equations were used assuming particles to be 
short cylinders: 
                                                                 (1) 
 
 
Where,  and  
 
R = 17 nm and L = 76 nm. 
 
For NF-CaP/PHB composites, the following equations were used: 
 
                                                                 (2) 
 
For polydisperse system, 
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Figure D. 5.Shear storage modulus (G’) values of neat PHB and (a) NS-CaP/PHB and (b) NF-CaP/PHB nanocomposite samples as a 
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Figure D. 6.Shear storage modulus (G’) values of neat PHB and (a) NS-CaP/PHB and (b) NF-CaP/PHB nanocomposite samples as a 
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Table D. 6.Thermogravimetric analysis of neat PHB, NS-CaP/PHB and NF-CaP/PHB 
nanocomposites. The temperature of 50% weight loss and peak temperature of 
degradation from derivative of weight% with respect to temperature. 
 
HAp-NS-PHB Composites NF-CaP/PHB Composites Nanoparticle 
Concentration Temp at 50% 
polymer wt. 
loss(°C) 
Peak Temp of 
Deriv. 
Weight(%/ °C) 
Temp at 50% 
polymer wt. 
loss(°C) 
Peak Temp of 
Deriv. 
Weight(%/ °C) 
0wt% 283.3 ± 1.3 287.3 ± 1.1 283.3 ± 1.3 287.3 ± 1.1 
0.5wt% 280.6 ± 1.9 284.1 ± 1.9 282.4 ± 1.9 285.9 ± 2.1 
1 wt% 277.9 ± 2.2 282.1 ± 1.7 291.8 ± 0.2 295.6 ± 0.4 
5 wt% 289.3 ± 1.9 294.2 ± 1.7 294.2 ± 0.1 297.7 ± 0.0 
10 wt% 287.6 ± 0.1 292.8 ± 0.3 293.2 ± 0.2 298.0 ± 0.3 
15 wt% 281.9 ± 0.5 288.1 ± 0.8   
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